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PREFACE
To the Proceedings of the International Workshop on the Nojima Fault 

Core and Borehole Data Analysis

Hisao Ito (Geological Survey of Japan) 
Koichiro Fujimoto (Geological Survey of Japan)

Hidemi Tanaka (Ehime University) 
David Lockner (US Geological Survey)

/. Introduction
The International Workshop on the Nojima 

Fault Core and Borehole Data Analysis was held 
in November 22-23, 1999 at Geological Survey of 
Japan (GSJ) in Tsukuba. It is based on the core 
and borehole data analysis on the borehole drilled 
by GSJ just after the 1995 Hyogo-ken Nanbu 
(Kobe) earthquake of January 17 (M,MA=7.2; the 
Japan Meteorological Agency (JMA) Magnitude). 
The GSJ borehole penetrated the active fault just 
after the large earthquake for the first time in the 
world.

Because of this unique opportunity, great 
interests in core and borehole data analysis have 
been taken by researchers from GSJ, United 
States Geological Survey (USGS), Japanese 
universities, National Institutes and private 
companies, and French researchers. The core and 
borehole data analysis was motivated by the 
sampling party held at the GSJ Hirabayashi drill 
site in January 1996. This was followed by 
several core viewings and samplings in Tsukuba, 
and the acceptance of research proposals from 
Japan and other countries.

GSJ and USGS recently started the Twin 
Institute Program on earthquake research 
supported by the Agency of Industrial Science 
and Technology, Ministry of International Trade 
and Industry of Japan. The Twin Institute 
Program covers the following four research areas;
1) Study of deposits and hazards of tsunamis
2) Evaluation of earthquake potential using 

geologic methods
3) Study of earthquake source process in near 

source region
4) Study of structure and physical properties of 

fault

As a part of these activities, we already had an 
International Workshop on Paleoseismology at 
GSJ on March 15, 1999, and published the 
proceedings (Satake and Schwartz, 1999).

We also held the International Workshop on 
the Nojima Fault Core and Borehole Data 
Analysis at GSJ, Tsukuba, on November 22-23, 
1999. Thirty oral presentations and five poster 
presentations were made at the workshop with 
about 90 participants; not only from GSJ and 
USGS, but also from universities, National 
Institutes and companies in Japan and from 
France.

The 1995 Kobe Earthquake

The 1995 Kobe Earthquake, MJMA=7.2, 
occurred beneath the Akashi Strait on January 17, 
1995, and formed a surface break about 10 km 
long with 1-2 m offset along the Nojima fault (Lin 
et al., 1995; Nakata et al., 1995; Lin and Uda, 
1996; Awata et al., 1996). Lin et al., (1995) and 
Lin and Uda (1996) documented that the surface 
break extends southwestward with small offset.

The Nojima fault is a component of the 
Arima-Takatsuki-Rokko fault zone, which is a 
branch of the Median Tectonic Line. In a broad 
sense, the fault systems near Osaka Bay form a 
boundary between pre-Neogene basement and 
Neogene and Quaternary sedimentary rocks.

The Nojima fault is a NE-SW striking, active 
right-lateral strike-slip fault with a minor reverse 
component (Mizuno et al., 1990). Although they 
estimated the length of the Nojima fault as 7km, 
the surface break during the 1995 Kobe 
earthquake was longer than this.

The total displacement of the Nojima fault is
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unknown; the total vertical displacement is 230 m 
at the southern part of the Nojima fault (Murata et 
al., 1998). The Miocene sedimentary rocks (Iwaya 
Formation) and Plio-Pleistocene sediments 
(Osaka Group) are distributed to the west of the 
Nojima fault and the Cretaceous granodiorites are 
distributed to the east.

Surface rupture was found only on Awaji 
Island southwest of the mainshock epicenter, and 
surface displacement from the Kobe earthquake 
was generally a right-lateral reverse shear with 
east side up (Lin and Uda, 1996). The maximum 
net slip was 2.15 m with 1.80 m of right slip and 
1.30 m of reverse slip and occurred at Nojima- 
Hirabayashi in the central part of the surface 
rupture (Lin and Uda, 1996). From the trench 
survey, the recurrence time of the earthquake is 
estimated to be about 2000 years (Awata and 
Suzuki, 1996).

Ide et al. (1996), Yoshida et al. (1996), 
Spudich et al. (1998) and Bouchon et al. (1998) 
made inversion analysis on the 1995 Kobe 
earthquake based on seismic and geodetic data. 
They showed dynamic behavior of the 
earthquake.

Ito and Kuwahara (1996), Li et al. (1998) and 
Ito et al. (1999) observed significant trapped 
waves from the aftershocks on the Nojima fault. 
They did not observe any trapped wave for 
adjacent active faults, and they interpret this as an 
evidence of the segmentation of the Nojima fault 
and adjacent faults. They estimated the velocity 
and Q of the low velocity zone of the Nojima 
fault, and compared with the drilling results (Ito 
eta!., 1996; Ito et al. 1999).

Outline of the Drilling Activities on the Nojima 

Fault

After the 1995 Kobe earthquake, three major 
research groups initiated fault drilling projects 
and conducted experiments in boreholes around 
Kobe and the Nojima fault.

The three research groups are, 1) the 
University Group (UG), led by Prof. Masataka 
Ando, and funded by the Ministry of Education, 
2) the National Research Institute for Earth 
Science and Disaster Prevention (NIED), led by

Dr. Ryuji Ikeda, and funded by the Science and 
Technology Agency, and 3) GSJ, led by Dr. 
Hisao Ito, and funded by the Agency of Industrial 
Science and Technology, Ministry of 
International Trade and Industry. The groups 
have been working somewhat independently, and 
are conducting similar types of geological and 
geophysical investigations, in situ experiments, 
and downhole monitoring of crustal activities.

The GSJ and NIED have completed several 
boreholes located close to the epicenter, near the 
ends of the earthquake rupture, and on the 
Nojima fault near the epicenter and on the places 
where the maximum surface displacements were 
observed. These latter boreholes, GSJ 
Hirabayashi and NIED Hirabayashi are located 
75 m and 320 m, respectively, from the surface 
trace of the Nojima fault and cross the fault zone 
at depth (Fig. 1). The GSJ hole is 747 m deep 
and the NIED is 1800 m deep. The six other 
boreholes range between 300 m and 1300 m in 
depth. The three UG boreholes are also located 
on the Nojima fault at a location where both the 
main Nojima fault and a subsidiary fault is 
observed (Fig. 1). The depth range of these 
boreholes is 500 m to 1800 m.

Continuous core has been collected from 
almost all of the boreholes. GSJ has had close 
to 100% core recovery in all their boreholes. At 
Hirabayashi, continuous core was taken between 
the depth 150 m-746 m, with 98% recovery 
across the fault zone. The core shows a 
deformed zone between 557 and 713 m, with clay 
gouge between 623.1 and 625.3 m. This depth 
interval corresponds to a fault zone thickness of 
approximately 30 m.

The NIED and UG also have collected cores 
from the boreholes across the Nojima fault. For 
the Hirabayashi core, the GSJ has photographed 
the core using a core scanning system (Miyazaki 
et al., 1997), made in-situ stress measurements 
(Ito et al., 1997a) and measurements on core 
samples (Ito et al., I997b, Kudo et al., 1997). 
Physical properties including seismic velocity, 
density, permeability, and fracture strength are 
also measured. In addition, petrographic studies, 
analysis of fractures and core deformation, fluid 
inclusion analysis, and dating core materials are 
in progress. The NIED and UG are conducting
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similar studies of their core materials.
All groups have completed a number of 

downhole measurements, particularly in the holes 
across the Nojima fault. The research activities on 
the GSJ Hirabayashi borehole are described in 
Fig. 2 and the publication list is shown in the 
Appendix.

//. Summary of the workshop

Introduction

Kanamori (Kanamori and Heaton) 
summarized the role of microscopic and 
macroscopic physics of earthquakes. They 
emphasis the importance of the role of frictional 
melting and that fluid pressurization can play a 
key role in rupture dynamics of large earthquakes. 
The microscopic state of stress caused by local 
melting and pressurization can be tied to 
macroscopic seismic parameters such as seismic 
moment and radiated energy by averaging the 
stresses in the microscopic states. They also 
suggest that the dynamics of small and large 
earthquakes can be very different, because the 
thermal process is important only for large 
earthquakes.

Otsuki et al. found rock composed of thinly 
laminated fault gouge and pseudotachlyte layers, 
and they considered the detail of physical 
processes during the seismic slip; thermal 
pressurization, fluidization and melting, is 
recorded. They characterized degrees of melting 
and fragmentation quantitatively, and presented a 
possible mechanism of pseudotachylyte 
formation.

Suyehiro introduced a seismogenic zone 
drilling and monitoring of OD2I/IODP with a 
new scientific drill ship equipped with riser 
capability that allows deep drilling beneath ocean 
floors. The new drill ship will be constructed by 
Japan, and will drill through the seismogenic part 
of the subduction plate boundary to collect 
samples, make in-situ measurements, and set up 
observatory to understand earthquake mechanics 
and physico-chemical processes operating in this 
environment.

Geological Studies nn the Nojima Core

Comprehensive work on core analysis is 
performed by Tanaka et al. including the detailed 
petrological and fault-rock chemistry analysis of 
the Nojima fault zone. They described seven 
shear zones including main Nojima fault surface 
(MSZ) at 625.3m depth. Those shear zones are 
surrounded by weakly pulverized and altered 
granodiorite (WPAR). They insisted on the 
importance of WPAR as fault gouge, fault breccia 
or cataclasite be considered to be evolved from 
WAPR. They strictly define the fault zone 
thickness of 30 m for hanging wall based on 
microstructure and volatile contents. One of the 
most important findings is that there are two fault 
cores, one of which shows a distinct 
characteristics of mass-loss and very fine grained 
nature and referred to as a co-seismic fault core, 
the other is characterized by flow texture and 
preferred alignment of clay minerals and referred 
to as interseismic fault core.

Fujimoto et al. described the fault core, where 
deformation and alteration are intensively 
localized within 30cm thickness. The fault core is 
composed of three types of fault gouges, which 
preserve texture, and mineralogy of the ancient 
activity of the Nojima fault. The formation 
temperature is higher than 130-20010, which 
corresponds to the depth of 4-7 km if the 
geotherm is not different from the present. 
Deformations of both seismic and interseismic 
period are recognized. Carbonate minerals are 
main sealing minerals and isotope chemistry 
suggests that the carbonates are probably connate 
seawater origin (Ueda et al.,). They represent 
different age and depth of activity of the Nojima 
fault.

Boullier et al. described deformation textures 
and attributed them to aseismic or seismic 
deformation mechanisms. Aseismic deformation 
is characterized by kinked biotites, which are 
distributed from low strain rocks to 
ultracataclasite. The textures of quartz and calcite 
suggest that the most deformation occur not at 
present depth but at 3 to 5 km.

Kobayashi et al. described the lithology of the 
NIED core and compared the lithology and 
physical properties such as sonic velocity and
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density. Three fracture zones are distributed at 
1800, 1300 and 1140m depth. Alteration is most 
intense at 1140m fracture zone and it may have 
developed most recently in the three.

Ueda et al. performed isotopic studies on the 
carbonate minerals, which are typical alteration 
minerals in GSJ core samples. The results imply 
that the carbonates were formed from seawater 
penetrating along the fault.

Takeshita and Yagi measured orientation of 
healed microcracks and kink band in quartz to 
elucidate paleostress field. The inferred 
paleostress field (Jurassic in age) is apparently 
different from that of Quaternary.

Tomida et al. tried to quantify degrees of 
deformation and alteration based on the loss of 
ignition data and fracture density.

Permeability and Physical Properties

The permeability of fault zone is key to 
understanding fluid movements and its relation to 
earthquake generation.

Lockner et al. measured the matrix 
permeability for core samples from GSJ and 
NIED Hirabayashi boreholes. They found a strong 
correlation between permeability and proximity to 
the fault zone shear axes. The width of the high 
permeability zone is in good agreement with fault 
zone width inferred from trapped wave analysis 
(Li et al., 1998; Ito and Kuwahara, 1996) and 
borehole logging data (Ito et al., 1996). The shear 
zone axis, due to its high clay content and fine 
gouge grain size, has relatively low permeability 
in the microdarcy range (Darcy = 10" 12 m2). 
Flanking the shear zone axis, the damage zone 
has high permeability. Father away from the shear 
zone axis, the permeability returns to the protolith 
permeability value. They also pointed out that 
because of the strong sensitivity of permeability, 
in situ permeability in the Nojima fault zone will 
decrease rapidly with depth.

Kiguchi et al. (1999) and Ito et al. estimated 
permeability structure from the borehole tube 
wave and Stoneley wave analysis. Ito et al. 
observed several highly permeable layers with 
very thin thickness that correspond to cataclasite, 
gouge. They estimated the highly permeable fault 
core thickness as 0.1 m, and estimated extremely

high permeability as 40 Darcy. Both the core 
permeability measurements and borehole tube 
wave and Stoneiey wave analysis results are 
consistent with the fault zone model that the 
highly permeable zones in the fracture zone act as 
a conduit for fluids parallel to the fault but acts as 
barrier for movement across the fault.

Morrow reviewed the core sample 
permeability measurements from four different 
scientific drill holes (Cajon Pass, Kola, KTB and 
Illinois UPH 3), and concluded that most fluid 
flow at depth will occur through discrete joints 
and faults rather than through bulk of the rock.

The results by Ito et al. and Kiguchi et al. 
(1999) are based on the fracture permeability. If 
we consider the strong pressure dependence of the 
matrix permeability, the matrix permeability will 
be extremely low and fracture permeability 
dominates at depth.

Moore et al. made a detailed observation of 
the fault rocks in relation with the physical 
properties such as permeability and strength. In 
the permeable zone, the rock exhibits dilatant 
deformation whereas; micro shear bands are 
characteristic features in the less permeable zone. 
They confirmed that the GSJ and shallowest 
NIED fault strands appear to be currently active, 
whereas the deepest NIED fault strand was 
abandoned and has been thoroughly sealed with 
mineral deposits.

Masuda et al. studied the effect of fluid 
migration on fracture process using the Nojima 
core samples. They showed that the internal 
structure of the rock affects the location of 
fracture surface.

Hydraulic Properties

Roeloffs and Matsumoto analyzed data from 
the pumping test conducted in March 1996, and 
groundwater-Ievel data for the period from June 
1996 through October 1999. Analysis of the pump 
test data yields the transmissivity that is 
consistent with the borehole measurements. The 
tidal variations in the ground water level suggest 
that the tidal response is governed by deformation 
of a fracture zone, rather than of a uniform porous 
material.

Sato and Takahashi analyzed the chemical and
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stable isotopic compositions of water from the 
GSJ Hirabayashi well. Both ionic and isotopic 
characteristics of the water are similar to that of 
the local spring water of meteoric origin.

Tokunaga constructed a simple horizontal 
flow model to explain the observed hydrological 
changes associated with the 1995 Kobe 
earthquake; (1) large drop of water table in the 
mountainous area, (2) rapid increase of discharge 
along active faults, and (3) change in chemistry of 
discharged water. According to his model, the 
hydraulic conductivity increased at least 5 times 
at the earthquake and the change of chemical 
composition of discharged water could be caused 
by movement of deeper water into the aquifer.

Uda et al. described the cracks filled with clay 
and/or carbonate minerals. They considered these 
crack fillings are the evidence of rapid surface 
water flow into the fault zone at the earthquake 
event.

Thermal Disturbance, Age

Tagami et al. analyzed thermal history of the 
fault zone using fission-track thermochronology. 
They found shortening of track length in zircon 
around the fault surface probably due to recent 
thermal anomaly around the fault.

Fukuchi et al. found scarce thermal effect of 
1995 event at the fault core based on ESR signals. 
They also found chemical anomaly at the fault 
core attributed to the inflow of calcium rich fluid.

Matsumoto et al. performed ESR study on the 
quartz from the fault core. They suggested the 
possible generation of hydrogen gases in the fault 
zone.

Tani et al. performed ESR studies to elucidate 
the thermal disturbance. They found a thermal 
anomaly at 250 m depth.

Geopltysical Measurements on Cores

Zamora et al. measured the ultrasonic P-wave 
velocities to investigate the effect of the alteration 
and the fracturing intensity on the velocity and 
velocity anisotropy. The preliminary results show 
that P-wave velocity and anisotropy strongly 
depends on the porosity and suggests that thin 
cracks play an important role.

Celerier et al. observed a few deformed cross 
sections in the ultrasonic borehole televiewer data 
obtained in the GSJ Hirabayashi borehole. They 
interpret these as slips on pre-existing fractures 
and estimated the fault slip vector.

Yamamoto et al. estimated the stress from the 
core sample from Toshima (University Group) 
and GSJ Hirabayashi. They found that the 
max imam horizontal stress direction is almost 
perpendicular to the strike of the Nojima fault. Ito 
et al. (1997) pointed out the stress direction at 
Takarazuka, located at the intersection of the 
Arima-Takatsuki tectonic line and Nojima fault 
system, is NE-SW. This maximum stress 
direction is also confirmed by careful 
measurements for core samples by Xue et al. This 
is different from the general trend of the stress 
direction along the Nojima fault system, and is 
not consistent with the right lateral movement of 
neither Arima-Takatsuki tectonic line nor Nojima 
fault system.

Analysis of Logging Data

Pezard et al. made an integrated analysis of 
core measurements and logging results on 
electrical properties of GSJ Hirabayashi borehole. 
They found correlation between electrical 
properties to alteration and fracturing intensity.

Kiguchi et al., analyzed the fracture 
distribution in the GSJ Hirabayashi borehole by 
FMI images. They found that almost all the 
resistive fractures are distributed in the shallower 
depth than the coaxial zone, and the strike and dip 
of fractures at the coaxial zone are consistent with 
those of the Nojima fault.

Ohtani et al. reoriented the core by comparing 
the FMI logging image and core scanner image to 
characterize macroscopic fractures. Distribution 
and orientation of sealed fractures are controlled 
by porphyry intrusion and faulting activity.

Monitoring

University group has installed seismometer, 
tiltmeter, strainmeter, accerolometer, pressure 
gauge and thermometer in the 800 m borehole and 
multi-level seismometer and optical fiber 
temperature sensor in the 1760 m borehole



(Ando). They have plan to make repeated 
injection experiments to study possible 
permeability change, induced seismicity and 
trapped wave.

In the NIED borehole, they made precise 
temperature measurements after the completion of 
the borehole (Ikeda) and estimated heat flow 
(Kitajimaetel., 1999).

GSJ has been installing downhole 
seismometers, continuously monitoring water 
level, and making repeated pumping tests in the 
GSJ Hirabayashi borehole. One of the purposes of 
water level monitoring is to detect any changes in 
hydraulic properties after the 1995 Kobe 
earthquake related to healing of the Nojima fault 
(Roeloffs and Matsumoto). Kuwahara and Ito are 
making trapped wave observation with multi 
level downhole seismometers to detect any 
changes in trapped waves related to healing of the 
Nojima fault.

///. Discussion

During the workshop, we discussed about the 
following important issues;
1) The study of microscopic structure of the fault 
is essential to better understand macroscopic 
earthquake mechanism.
2) Integration of borehole logging and laboratory 
data has begun, but needs to be continued; for 
example permeability, velocity, resistivity, etc.
3) What is healing/strength recovery of fault 
zone? Geochronology, numerical modeling and 
further monitoring and repeated experiments 
should be planned.
4) What is fault structure in 3D? How complex is 
the fault structure? Can relatively shallow 
borehole observation be used to constrain deep 
fault structure (especially in seismogenic region)?
5) Scale effect in space and time; core logging 
data remote observation.
6) Can the observations from this workshop be 
synthesized into a more general model of (a) fault 
zone structure, (b) fault zone hydrology, (c) 
earthquake cycle / inter-event time / strength 
recovery rate, (d) evolution of active faults,(e) 
fault related stress state?
7) How are the observation at Nojima fault to be

applied to other fault zones and active seismic 
regime?
8) What useful measurements / analysis are not 
being done at the present time?
9) What could have done better at Nojima fault 
study area?
10)Is some kind of review/overview paper 
desirable?
11) Regular contact is essential   More 
workshop? Newsletter? Website? Other?

As a whole, geological core analysis, in-situ 
and experimental geophysical measurements 
provide excellent answers to the above questions 
which clarify precise nature of seismogenic fault 
zone at shallow depth. However, there still 
remains some controversial issues, such as 1) 
origin of the fluids in the fault zone (Fujimoto et 
al., Ueda et al. and Uda et al.) and fluid balance 
problem (Lockner et al., Tanaka et al. and 
Fukuchi et al.), 2) frictional heating, 3) distinction 
between rapid process at seismic stage and slow 
process at interseismic stage, and 4) large 
differences in permeability between is-situ 
estimated from Stoneley and Tube wave analysis 
and core measurements (Ito et al., Lockner et al., 
Kiguchi et al., 1999.).

As the drilling into the fault zone just after the 
big earthquake is a first trial in the world, the 
results presented in this issue could be potential 
candidates of primary standard for future drilling 
projects and core analysis, such as San Andreas 
drilling projects. Direct observations of seismic 
activities through material in the fault zone are a 
recent developed research and referred to here as 
"material seismology". However, it will become 
a more essential work for understanding 
earthquake generation mechanism in near future, 
since the earthquake can be regarded as a 
response of natural fault rocks to loading elastic 
rocks which surrounds the fault zone rocks at the 
seismogenic depth.

Suggestions to the future drilling

In this particular drilling project, we have 
been fortunately successful in penetrating the 
fault zone, recovering samples from the fault zone, 
making almost complete borehole experiments. It 
is also noteworthy that integrated study on core-
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log-remote data analysis began.
We have learned a lot about technique for 

drilling through and recovering cores from the 
fault zone, core processing ( in our case, we used 
resin, and made Archive Half, Working Half and 
Slab for preservation; Tanaka et al.), distribute 
and keep the core samples.

We hope that our experiences will be applied in 
the future scientific drilling works.

IV. Available data on GSJ Hirahayashi 
borehole

Prefecture and TCI Tsukuba Center Inc.
The drilling and borehole experiments were 

made possible by the efforts of Sumicon 
consultant, Schlumberger KK, and Geophysical 
Surveying Co. Ltd. People in Awaji Island gave 
us opportunity of making this project possible. 
We also thank encouragement from Yoshihiro 
Kinugasa, Tetsuro Noda, Masataka Ando and 
Ryuji Ikeda.
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STUIDIES AT GSJ HIRABAYASHI BOREHOLE

January 17,1995 Earthquake Ms 7.2 

February^ March, 1995

AFTERSHOCK 
OBSERVATION FOR 
TRAPPED WAVE ANALYSIS

STRUCTURE OF THE 
NOJIMA FAULT

November, 1995 Drilling Started

CORING TO 750m
(PARTLY ORIENTED)

HYDROPHONE VSP

LOGGING 
BHTV

REAMING

DSI   FMI LOGGING

Casing, Perforation

GEOPHONEVSP

HYDRAULIC TESTS 
(March, 1996)

April, 1996 Drilling Completed

  CONTINUOUS 
OBSERVATION OF WATER 
LEVEL

  BOREHOLE SEISMOMETER
  REPEATED PUMPING 

TESTS

CORE ANALYSIS 
STRESS MEASUREMENTS 

CORE

H FRACTURE PERMEABILITY

PHYSICAL PROPERTIES 
FRACTURE ANALYSIS

Vp.Vs, S-ANISOTROPY 
PERMEABILITY BY 
STONELEYWAVE 
FRACTURE ANALYSIS

 TRAPPED WAVE ANALYSIS

HEALING PROCESS OF 
THE NOJIMA FAULT
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Workshop on Nojima Core and Borehole Data Analysis
2 nd Circular, Program 

(at the Conference Room, GSJ, Tsukuba)

November 21,17:00- Ice Breaker (Conference Room, GSJ)

November 22,

9:30-10:30 Kanamori, H. (Caltech)

Implications for core and borehole data for earthquake rupture dynamics. 

10:30-11:00 Suehiro, K. (JAMSTEC)

Seismogenic zone drilling and monitoring of OD21. 

11:00-11:30 Ando, M. (DPRI, Kyoto Univ.)

Outline of the Nojima Fault Drilling by University Group. 

11:30-12:00 Ikeda, R. (NIED)

Outline of the Nojima Fault Scientific Drilling by NIED.

12:00-13:00 Lunch

13:00-13:30 Ito, H., et al. (GSJ)

Outline of the Nojima Fault Drilling by GSJ. 

13:30-14:00 Tanaka, H. et al. (Ehime Univ.)

Distribution, deformation and alteration of fault rocks along the GSJ core penetrating the Nojima fault,

Awaji Island, Southwest Japan. 

14:00-14:30 Lockner, D. (USGS)

Permeability and strength of the Nojima core samples. 

14:30-15:00 Morrow, C. (USGS)

Permeability of the deep drillhole core samples.

15:00-15:30 Coffee Break

15:30-16:00 Moore, D. (USGS)

Correlation of deformation textures with laboratory measurements of permeability and strength of

Nojima fault zone core samples. 

16:00-16:30 Pezard, P. el al. (CEREGE)

Electrical properties and alteration of granites from the Hirabayashi hole, Japan. 

16:30-17:00 Otsuki, K. and N. Kadosawa (Tohoku Univ.)

Physical processes during seismic slip recorded in Nojima fault rock. 

17:00-17:30 Takeshita, T. and K. Yagi (Hiroshima Univ.)

Dynamic analysis based on 3-D orientation distribution of microcracks in deformed quartz from the

Cretaceous granodiorite core samples drilled along the Nojima fault, southwest Japan.

17:30-20:00 Poster Session and Welcome Party
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November 23,

9:00-9:20 Fujimoto, K. et al. (GSJ)

Characterization of fault gouge from GSJ Hirabayashi core samples and implications for the activity

of the Nojma fault. 

9:20-9:40 Kobayashi, K. (Niigata Univ.) et al.

Characters of the fracture zones of the Nojima fault at depths of 1140, 1300 and 1800m viewed

from NIED core analyses and well logging. 

9:40-10:00 Ueda, A. (Mitsubishi Material Co. Ltd.) and K. Fujimoto(GSJ)

Isotope analysis of the Nojima fault core.

10:00-10:10 Coffee Break

10:10-10:40 Roeloffs, E. (USGS) and N. Matsumoto (GSJ)

Changes of water level and stress condition around Nojima fault. 

10:40-11:00 Tokunaga, T. (Univ. of Tokyo)

Modeling of earthquake-induced hydrological changes and possible permeability enhancement due to

the January 17, 1995 Kobe Earthquake, Japan. 

11:00-11:20 Sato, T. and M. Takahashi (GSJ)

Chemical and isotopic compositions of ground water obtained from the GSJ Hirabayashi well. 

11:20-11:40 Uda, S. (Univ. of Tokyo)

Deep surface-water flow near the Nojima earthquake fault. 

11:40-12:00 Masuda, K. et al. (GSJ)

Laboratory study of fluid migration and fault growth.

12:00-13:00 Lunch Break

13:00-13:20 Tagami, T. (Kyoto Univ.) and N. Hasebe (Kanazawa Univ.)

Thermal history analysis of the Nojima fault using fission-track thermochronology. 

13:20-13:40 Fukuchi, T. (Yamaguchi Univ.) and N. Imai (GSJ)

Inspection of resetting state of ESR signals and elucidation of radioactive disequilibria in the fault

gouge zone using the Nojima Fault GSJ 750m drilling core samples. 

13:40-14:00 Matsumoto, H. (Osaka Univ.)

Property of Nojima core samples studied by ESR. 

14:00-14:20 Tani, A. (Osaka Univ.)

The geothermal and crushing effects to ESR signals in the Nojima core samples. 

14:20-14:40 Tomida, N. and Y. Tsukiyama (Ehime Univ.)

Fault rock distribution analysis based on chemical composition, water contents and fracture density. 

14:40-15:00 Yamamoto, K. et al. (Tohoku Univ.)

Stress state around the Nojima fault estimated from core measurements.

15:00-15:20 Coffee Break

xx



15:20-15:40 Ohtani, T. et al. (GSJ)

Reorientation of cores and distribution of macroscopic fractures along the GSJ borehole penetrating

the Nojima fault zone. 

15:40-16:00 Boullier, A.-M. (Univ. Montpellier II) et al.

Deformation mechanisms in granodiorite from the hanging-wall of the Nojima fault. 

16:00-16:20 Zamora, M. (IPG) et al. (presented by P. Pezard)

Anisotropy of elastic and anelastic properties of granites from the Hirabayashi hole, Japan. 

16:20-16:40 Celerier, B. (Univ. Montpellier II) et al.;

Borehole deformation along the Nojima fault after the 1995 Hyogoken-Nanbu Earthquake; BHTV

acoustic scans analyses from the Hirabayashi hole, Japan. 

16:40-17:00 Discussion

Poster Session

Yamaguchi, T. (RIKEN) et al.;

Temperature monitoring in a borehole drilled into the Nojima fault and radioactive heat production of

core samples. 

Kuwahara, Y. and H. Ito (GSJ)

Deep structure of the Nojima fault zone by trapped wave analysis. 

Kiguchi, T. (GSJ)etal.

Fracture and permeablity system in the Nojima fault. 

Xue, Z., H. Ito and O. Nishizawa,

Estimation of in-situ stress on cores retrieved from a deep borehole at the Arima-Takatsuki tectonic

line.
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Microscopic and Macroscopic Physics of Earthquakes

Hiroo Kanamori and Thomas H. Heaton 
Scismological Laboratory, California Institute of Technology, Pasadena California 91125

abstract

The thermal budget during seismic slip suggests that frictional melting and fluid 
pressurization can play a key role in rupture dynamics of large earthquakes. In a simple 
model of faulting under frictional stress 07, the temperature increases with 07 and the 
earthquake magnitude, Mw. If the slip plane is thin and heat transfer is mainly by 
diffusion, the thickness of the heated zone, w, is of the order of a few mm for a seismic 
time scale of about 10 sec. Then, even for a modest 07, the temperature rise, AT", would 
exceed 1000° for earthquakes with Mw =5 to 6, and melting is likely to occur, and reduce 
friction during faulting. Another important process is fluid pressurization. If fluid exists in 
a fault zone, a modest AT of 100 to 200° would likely increase the pore pressure enough to 
significantly reduce friction for earthquakes with Mw -3 to 4. The microscopic state of 
stress caused by local melting and pressurization can be tied to macroscopic seismic 
parameters such as the seismic moment, M0 , and the radiated energy, ER , by averaging the 
stresses in the microscopic states. Since the thermal process is important only for large 
earthquakes, the dynamics of small and large earthquakes can be very different This 
difference is reflected in the observed relation between the scaled energy e =EK /M0 and Mw 
. The available seismic data show that e for large earthquakes is 10 to 100 times larger 
than for small earthquakes. According to this model, mature fault zones such as the San 
Andreas are at relatively moderate stress levels, but the stress in the plate interior can be 
high. The fault dynamics described here suggests that once slip exceeds a threshold, 
runaway rupture could occur. This could explain the anomalous magnitude-frequency 
relationship observed for some mature faults. Since the thermal state is controlled by the 
amount of slip, the slip behavior is controlled by the slip itself. This would produce a non 
linear behavior, and under certain circumstances, the slip behavior at the same location may 
vary from event to event Another important implication is that slip velocity during a large 
earthquake could be faster than what one would extrapolate from smaller earthquakes.

This paper is in press in American Geophysical Union, Geophysical Monograph Series
Physics of Earthquakes

Editors: Jofm Rundle, D. L. Turcotie, and W. Klein



Introduction

Modem broad-band seismic data have allowed seismologists to determine important 
seismic source parameters such as seismic moment, M0, radiated energy, ER, rupture 
parameters, and stress drops of earthquakes over a large magnitude range. However, at 
short length scales, resolution of seismic methods is limited because of the complex 
propagation and wave attenuation effects near the Earth's surface, and it is difficult to 
determine the details of rupture process below some length scale. The complex wave 
forms at high frequency must be controlled by microscopic processes on a fault plane. 
Such microscopic processes include frictional melting [Jeffreys, 1942; McKenzie and 
Brune, 1972; Richards, 1977; Sibson, 1977; Cardwell et al., 1978], fluid pressurization 

[Sibson, 1973; Lachenbruch, 1980; Mase and Smith, 1985,1987], acoustic fluidization 
[Melosh, 1979, 1996], dynamic unloading effects [Schallamach, 1971; Brune et al., 1993; 
Weertman, 1980; Ben-Zion and Andrews, 1998; Mora and Place, 1998, 1999] and 
geometrical effects [Scott, 1996].

The importance of thermal processes in earthquake mechanics has long been 
recognized. Sibson [1977] discussed the implication of frictional heating for fault 
dynamics. He suggested that melt formation and transient increases in fluid pressure 
caused by frictional heating may decrease the friction to near-zero values once slip is 
initiated. Here, we extend the model discussed by Sibson in light of recent seismological 
data. A recent study of the deep Bolivian earthquake (M=8.3, depth=637 km) [Kanamori 
et al., 1998] presented an interesting observational case which suggests a dominant role of 
thermal processes during faulting. For this earthquake, the released potential energy, 
1.4xl018 J, is at least 30 times larger than the radiated energy, with a large amount of non- 

radiated energy (comparable to the total thermal energy released during the 1980 Mount SL 

Helens eruption) deposited in a relatively small fault zone over a time scale of less than a 
minute.

The thermal process during faulting would cause a complex sequence of events 

including local melting, freezing, fluid pressurization, micro-fracturing and injection of 

fluids. Although these microscopic processes are important for understanding rupture 

dynamics, it is difficult to determine how these processes work in detail during faulting, 

because of the limited resolution of seismic methods.

In this paper, we investigate the effects of frictional melting and fluid pressurization 

and relate them to macroscopic seismic source parameters such as M0 and ER. This 

approach is somewhat similar to that of statistical mechanics in which the physics applied to



small-scale processes is used to determine the average macroscopic parameters such as 
pressure and temperature.

Thermal Budget during Faulting

The possibility of frictional melting during faulting has been suggested by several 
investigators. In particular, McKenzie and Brune [1972] quantitatively investigated this 
problem as a one-dimensional heat conduction problem. They assumed that the fault 
surface is simultaneously heated during slippage (i.e. infinite rupture speed) over a finite 
time, and concluded that if both the frictional and driving stresses are of the order of 1 
kbar, melting can occur for fault slips as small as one millimeter. Richards [1977] solved 
elasto-dynamic equations for a propagating elliptical crack, estimated frictional heating rate 
behind the rupture front, and showed that if the driving stress is 100 bars and the fault 
particle velocity is 10 cm/sec at nucleation, a temperature rise of about 1000° can occur 
within a few seconds. These studies indicate that frictional melting is likely to occur during 
seismic faulting, at least locally.

Here we consider a gross thermal budget during faulting under a frictional stress af. 

Let S and D be the fault area and the displacement offset respectively. Then the total heat 
generated during faulting is Q-afDS. If we assume that the heat is distributed during 

seismic faulting within a layer of thickness w around the rupture plane, the average 
temperature rise A7 is given by

&T=QICpSw=afDICp\v (1)

where C is the specific heat, and p is the density. In general D increases with the

earthquake magnitude, Mw, Here we use a simple circular model in which the static stress 
drop is ACT, (Eshelby, 1957]. Then,

D = (16/7)2/3 (l/^)Mi/3Ac7J2/3 lii (2) 

where M0 is the seismic moment and p. is the rigidity. From (1) and (2), we obtain

(3) 

The seismic moment M0 is related to Mw by



logAf0=1.5A*w +9.1 (M0 in Nm) (4)

The static stress drop, ACT, , for most earthquakes is in the range of 10 to 100 bars, 

as shown in Figure 1 [Kanamori and Anderson, 1975, Hanks, 1977, Abercrombie and 

Leary, 1993]. However, higher stress drops have been reported for some earthquakes for 

which the source dimension was determined well [e.g. Kanamori et al., 1990; Wald, 

1992]. Also, there is evidence that the stress drop can be locally very high (up to 25 

kilobar) around small asperities [Nadeau and Johnson, 1998]. Since the thermal process 
considered here is most important at high-stress spots, we use ACT, =100 bars and ^=0.3 

Mbar for estimation of AT.

The thickness w cannot be determined with seismological methods. Here, w 

refers to the thickness of the coseismic slip plane, not the width of the shear zone along a 

fault. Fault surface breaks in bed rocks are often extremely sharp suggesting that the 

coseismic slip must have occurred in a very narrow zone. An example of a thin slip surface 

within a fault zone is described in Hubbert and Rubey [1959]. Laboratory studies by 

Goldsby and Tullis [1998,1999] found that when the displacement is large, slip tends to 
be localized in a thin layer. Also, some pseudotachylytes layers are very thin, less than a 

millimeter [Otsuki, 1998], suggesting that the slip plane is thin at least locally.

It is true that wide shear zones are often found along a fault. Otsuki [1978] and 

Hull [1988] have shown that the width of the shear zone is about 1 % of the total offset of 

the fault. Also, recent seismological studies suggest a 40 to 200 m thick zone with a low 

seismic velocity along several major faults [Li et al. 1994, 1997]. However, these wide 

fault-zone structures are probably formed by long-term processes involving deformation, 

chemical alteration, and aftershocks, and are not directly involved in coseismic slip.

If the slip plane is thin and heat is carried by thermal diffusion, then w would be of 
the order of -^kT0 , the thermal diffusion distance, where k is the thermal diffusivity, and

TO is the time scale of faulting. Since TO is less than 10 sec for most seismic events, w 

would be at most a few mm. A simple scaling shows that D is proportional to the time 
scale of faulting, TO , while w is proportional to T01/2 ; then, we obtain from (1), AT <*= D 1 '2 . 

This means that the thermal process would become increasingly important for large 
earthquakes.

Figure 2 shows AT calculated from (3) as a function of magnitude M~ for two 

representative values of w, 1 mm and 1 cm. We used C-\ J/g°C, and p=2.6 g/cm3 . If 

w=l mm, AT exceeds 1000 °C at Mw =5 even for a modest value of friction, Cy- =100 

bars. Even for w=l cm, AT exceeds 1000 °C at Mw = 1 for the same value of friction. If



of > 100 bars, AT exceeds 1000 °C at a lower M*. Thus, thermal process becomes 

important for large earthquakes.
Depending on whether fluid exists or not in a fault zone, two distinct thermal 

processes can happen. If there is no fluid in a fault zone, the temperature can rise to cause 
frictional melting. Figure 2 shows that if no fluid exists, frictional melting is likely to occur 
for earthquakes with M* =5 to 7. This general conclusion appears unavoidable even if the 
values of Ap,, Gf , and w used in (3) are varied over fairly large, but plausible, ranges.

Many investigators have found pseudotachylytes in cataclasites and presented them 

as evidence for frictional melting. Although pseudotachylytes are not commonly found 

[Sibson, 1975], the following are well-document examples. Lin [1994a, 1994b] reported 

on glassy pseudotachylytes from the Fuyun fault zone, China, which he believed to have 

been formed during seismic faulting at a minimum temperature of 1,450 °C. Obata and 

Karato [1995] examined ultramafic pseudotachylytes from the Ivrea-Verbano zone, Italy, 

which are about 1 cm thick, and exhibit evidence for melting and cooling on a time scale of 

about 100 sec or less under a differential stress of 3 kbar. Otsuki [1998] examined 

cataclasites from the Nojima fault, Japan, on which the 1995 Kobe earthquake occurred. 

According to Otsuki [1998], these cataclasites were not formed during the recent Kobe 

earthquake, but they were formed from granites at a depth of about 3 km, and the original 

texture is exceptionally well preserved. They have a sandwich structure with alternating 

layers of pseudotachylytes (amorphous phase) and fine-grained rock. The pseudotachylyte 

layer, about 0.2 to 1 mm thick, exhibits evidence for melting at temperatures above 1,100 

°C followed by rapid cooling.

Some pseudotachylytes are believed to be formed by crushing during faulting rather 

than melting [Lin et al., 1994; Lin, 1996]. It is also possible that pseudotachylytes were 
formed during faulting but they have been altered to clay minerals or crystallized into some 

kind of mylonites. We do not necessarily think that seismic faulting always causes 

melting. If a fault zone is highly crushed, the thermal energy can be distributed over a large 

volume and no melting occurs. Also, if fluid exists in a fault zone or some dynamic 

process such as acoustic fluidization or dynamic unloading occurs, the friction may drop 

before melting occurs. However, the existence of pseudotachylytes indicates that melting 

is an important process, at least locally, during faulting.

Melting does not necessarily mean reduction of friction. Once a thin melt layer is 

formed, high viscous friction may prevail depending on the thickness of the layer and the 

viscosity of the melt [Scholz, 1980]. In fact, Tsutsumi and Shimamoto [1997] performed 

high-velocity friction experiments and found a sharp increase in friction at the initiation of 

visible frictional melting. However, as shown by Spray [1993], the viscosity of molten



pseudotachylytes is low and drops rapidly with the temperature so that friction is likely to 
drop eventually, though the details can be complex. Recent laboratory studies by Beeler et 
al. [1996] and Goldsby and Tullis [1998,1999] demonstrated that friction dropped 
significantly when displacement was large. Goldsby and Tullis [1998,1999] (details 
described in Tullis and Goldsby [1998]) found that, at a normal pressure of 1.12 kbar, the 
coefficient of friction dropped to 0.14 when a large displacement, 1.6 m, occurred at a 
relatively high slip velocity of 3.2 mm/sec. These experiments were performed under 
confining pressure and the condition is close to that of natural earthquakes. From the 
observations of the sliding surface, they suggested that melting may have occurred during 
sliding.

Whether fluid exists in fault zones or not is still a materr of debate, but it is 
generally believed that some fault zones contain fluids and many mechanisms have been 

proposed to maintain high fluid pressure in fault zones [e.g. Irwine and Barnes, 1975; 

Byerlee, 1990; Rice, 1992]. If fluid exists in a fault zone, fluid pressurization could occur. 

This concept was introduced to seismology by Sibson [1973], and analyzed in great detail 
by Lachenbruch [1980], and Mase and Smith [1985,1987]. Under the pressure- 
temperature conditions at the seismogenic depths, the thermal expansivity of water is of the 
order of 10-3 °C, and significant increase in pore pressure with temperature could occur. If 
fluid does not escape (small permeability) and the surrounding rock is not compressive, the 
pressure increase would be of the order of 10 bars/deg [Lachenbruch, 1980]. In actual 
fault zones, permeability and compressibility vary and the pressure increase may be less. 
The most important parameter controlling the pressure change is the permeability. The 
analysis of Lachenbruch and Mase and Smith suggests that if permeability is less than 10'18 
m2, fluid pressurization is most likely to occur with a temperature rise of less than 200 °C, 
and friction will drop significantly. Permeability in the crust varies over a very wide range, 
more than a factor of 10 10. Figure 3 shows the results for the samples taken from the 
Cajon drilling site in California [Morrow and Byerlee, 1992], and the Nojima fault, Japan 
[Ito et al., 1998]. Ito et al. [1998] show that permeability is very small near the middle of 
the shear zone, where the grain size of rocks is small. Ito et al.'s results are at a pressure 
of 500 bar (corresponding to a depth of 1.5 km), and suggest even smaller values in the 
deeper seismogenic zone. Although the distribution of permeability can be complex, these 
results suggest that pressure fluidization can play an important role, at least locally, in 
reducing friction. A modest A7 of 100 to 200° would likely increase the pore pressure

enough to significantly reduce friction. Figure 2 shows that this can occur for earthquakes 

with Mw =3 to 5. According to Chester and Chester [1998], the internal structure of the 
Punchbowl fault, California, implies that earthquake ruptures were not only confined to the



ultracataclasite layer, but also largely localized to a thin prominent fracture surface. They 
suggest that mechanisms that are consistent with extreme localization of slip, such as 
thermal pressurization of pore fluids, are most compatible with their observations.

Since a fault zone is probably complex and heterogeneous in stress, fluid content, 
permeability, porosity, and compressibility, no single process is likely to dominate. In 
other words, we do not necessarily expect a single continuous layer of melting and 

pressurization; we envision, instead, a fault zone that consists of many microfaults 
(subfaults) where different mechanisms are responsible for slip at different stress levels, 
producing complex rupture patterns as observed.

Earthquake Energy Budget

We consider the energy budget for each subfault. The energy budget of 

earthquakes has been extensively studied by many investigators [e.g. Knopoff, 1958; 

Dahlen, 1977; Kostrov, 1974; Savage and Walsh; 1978]. Following these studies, and 
referring to Orowan [1960] and Savage and Wood [1971], here we consider a simple 
stress-release model. The simplest case is shown in Figure 4a which shows the stress on 
the fault plane as a function of slip. An earthquake is viewed as a stress release process on 
a surface S where, at the initiation of an earthquake, the initial (before an earthquake) shear 
stress on the fault plane <70 drops to a constant dynamic friction <jf . If the condition for 

instability is satisfied [Brace and Byerlee, 1966; Scholz, 1990], rapid fault slip motion 
begins and eventually stops. At the end, the stress on the fault plane is <TI (final stress) and 
the average slip (offset) is D. For the example shown in Figure 4a, <Jf =<r,. The difference 

Acr,=<T0-<71 is the static stress drop, and the difference Aad =<jQ-(jf is the driving stress of 

fault motion and is usually called the dynamic stress drop or effective tectonic stress 
[Brune, 1970]. During this process, the potential energy (strain energy plus gravitational 
energy) of the system, W, drops to W - AW where AW is the strain energy drop, and 

seismic wave is radiated carrying energy EK . Then the energy budget can be written as

&W = EK +EF +EG (5)

where EF is the frictional energy loss given by E,~=<Jf DSt and EG is the fracture energy.

Knopoff [1958], Dahlen [1977] and Kostrov [1974] showed that AW = oDS where 
a = (<70 + a, )/2 is the average stress during faulting. From (5), we obtain

- af DS - £G=(1/2)(2A<J, - Aa$)DS - E



- Ec (6)

where M0=/iD5 is the seismic moment, and /I is the rigidity. This is a simple but 

fundamental relationship which does not involve major assumptions. As we will show 

later, the fracture energy Ec can be ignored for large shallow earthquakes, and (6) can be 

written as

This relation can be derived with a simple analogous spring system, and can be shown to 

be consistent with that derived from more rigorous relations for continuum. A similar 

relation has been used in seismology [e.g. Savage and Wood, 1971], but this particular 

form introduced here is useful because ER is expressed in terms of the specific physical 
parameters ACT, and Acrrf which directly characterize the stress release process on the fault

plane.
The variation of stress during faulting can be more complex than shown in Figure 

4a. For example, the stress may increase in the beginning of the slip motion (curve (1) in 

Figure 4a) because of loading caused by advancing rupture, or of a specific friction law 

such as the state-rate dependent friction law [Dieterich, 1979a, 1979b]. In fact, 

seismological inversion studies have shown this increase [Quin, 1990; Miyatake, 1992; 

Mikumo and Miyatake, 1993; Beroza and Mikumo, 1996; Ide, 1997; Bouchon, 1997]. 

However, this increase is of short duration and the amount of slip during this stage is small 

so that little energy is radiated. Thus, we will not include it in our energy budget.

Also, the friction may not be constant during faulting. It may drop drastically in the 

beginning and later resume a somewhat larger value (curve (2) in Figure 4a), or it may 

decrease gradually to a constant level (Figure 4b). The latter is called a slip-weakening 

process. These models have been considered in Brune [1970], Heaton [1990], Kikuchi 

and Fukao [1988], Kikuchi [1992], Kanamori [1994], Winslow and Ruff [1999], and 

Thio[1996].

If the friction is not constant, the rupture dynamics is complicated, but for the

energy budget considered here, we formulate this problem referring to a simple case shown 
in Figure 4b. The friction o f gradually drops to a constant value cr/0 until the slip

becomes Dc . In general the final stress cr, can be different from <r/0 . Then, we define the 
average friction af by

  8



(7) 

where u is the slip (offset) on the fault plane. Then, equation (6') can be written as

(8)

where

kod = GQ -af (9)

Here, A of, defined by (9) can be called the average dynamic stress drop. If friction drops 
rapidly, Acf, is the same as Aarf , but if friction drops very gradually to o\, then fault 
motion becomes quasi-static with no energy radiation, and af defined above would be 

close to the average stress (ob+aO/2. Then &<jd = (l/2)A<j,, and ER =0 from (8). We will 
use Aa^ in this paper, but the following alternative interpretation is also useful.

We can interpret the slip weakening process in terms of the breakdown process at 
the advancing front of an earthquake rupture. Then the total energy loss, <3fDS can be

divided into two parts,

afDS = S\c/0D + J*' (<jf (u} - a,Q }du (10)

The first term can be interpreted as frictional energy (cross-hatched area in Figure 4b), and 
the second term, the fracture energy (hatched area in Figure 4b). Then, equation (6') can 
be written as

ER = M0 (2bad -b<Tf)/2v-S\\af (u)-afo)du (11)
Jo

where

Aa,=a0 -<7 0 (12)

  9



Here, the definition of the dynamic stress drop is the same as the traditional one, but the
rS \fracture energy EG = S\ \0f (u) - crf0 }du needs to be subtracted from the right-hand side 

Jo
of (61) to obtain ER. 

Fracture Energy

The estimates of fracture energy for earthquakes vary over a wide range. The 

specific fracture energy G* (fracture energy per unit area) ranges from 1 to 108 J/m2 

[Kostrov and Das, 1988]. The largest values are derived from seismic data on the 

assumption that rupture is arrested by a barrier [Aki, 1979] and may not be representative 

of the average fracture energy of earthquakes. Husseini [1977] estimated G* to be on the 

order of 105 J/m* . Scholz [1990] quotes a range 106 to 107 J/m* .

The fracture energy can be related to the rupture velocity. For simplicity, we use a 

Mode IE (longitudinal shear) crack model in the following, but we can qualitatively 

develop a similar argument for other crack geometries.

We take a Cartesian coordinate system (x, y, z), and consider an infinitely long 

crack extending in z direction. The crack growth is in x direction. Let 2c be the width of 
the crack in x direction. The crack is under uniform stress <70 and friction of , both in z 

direction. In actual faulting, af is likely to vary during faulting, but here we assume it to 

be constant. Then,

(13) 

where

A\V 1 =(cJo-cr/ )DS/2=7ic2(c7o-cj/ )2/2/i (14) 

In the above, the relations S=2c and (aQ -(Jf)=2pD/Tic (Knopoff, 1958) are used. 

The static energy release rate (specific fracture energy) G* is given by

= 7rc(cr0 - C7) 2 /2p. (15)

where K = (<J0 - of }(7ic) u2 is the stress intensity factor [Dmowska and Rice, 1986; 
Lawn, 1993; Freund, 1998]. From (14) and (15),

(16)
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Following Kostrov [1966], Eshelby [1969], and Freund [1972], the energy release 

rate, G, for a crack growing at a rupture speed V is given approximately by

G=G*£(V) (17) 

where g(V) is a universal function of V. For a Mode HI crack, it is given by

*(V)=[03-V)/(0fV)]w2 (18)

where /? is S-wave velocity.

Then, the fracture energy is

Ec = J GdS = 2jV*(V)<fc = «(V)Jd(AWi) = gWW (19)

which becomes small compared with the strain energy involved as V increases to the 
limiting velocity J3, because g(V) approaches 0 in this limit. For most large shallow 

earthquakes, it is generally established that the rupture velocity is about 75 to 85 % of j3, 

[Heaton, 1990] and we can neglect EG .

Link between Microscopic and Macroscopic Processes

Our fault model consists of many faults (microfaults or subfaults) each one of 

which radiates seismic energy following the stress release process described above. We 

cannot distinguish every fault, but what we observe seismologically is the total energy 

radiated from all of them. Using equation (8), the total energy is given by

Ex = IE*. = ZM0( (2Aa< - Aa,.)/2/i = M0 (2Aa, - Aa,)/2/x (20)

where the average dynamic stress drop, Ao^, and the average static stress drop, ACT,, are 

the macroscopic parameters defined by

(21) 

and

(22)
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Here subscript i denotes the i-th subfault. Equations 21 and 22 show that the macroscopic 
stress drops ACT, and ACT, are given as weighted averages of the stress drops for each

subfault. The weight is the seismic moment of each subfault.

With this interpretation, we can tie the microscopic processes occurring on a fault 

plane to the macroscopic parameters, such as M0 and ER, measurable with seismological 

methods. This is similar to the treatise in the kinetic theory of gas, in which macroscopic 

thermodynamic parameters like temperature and pressure are tied to the kinetic energy of 

molecules.
Since the rupture pattern on a fault plane is so complex that we cannot use a simple 

stress pattern shown in Figure 4 to represent the entire faulting. However, we can use the 

static and dynamic stress drops defined by (21) and (22) to represent the overall state of 

stress during seismic rupture.

Interpretation

We use the macroscopic seismic parameters, MQ and ER , which are now tied to 

microscopic processes through equations 20, 21 and 22 for interpreting seismic data. 
Specifically, we use the ratio e =EK/MQ. This ratio, e , multiplied by p. was introduced in

seismology in the 1960's as "apparent stress" [Aki, 1966; Wyss and Brune; 1968, Wyss, 
1970a, 1970b]. It is usually expressed as a product of the efficiency 7} and the average 
stress cf = (a0 + (7^)72, neither of which can be directly determined seismologically.

Nevertheless, the apparent stress, combined with static stress drop, provided useful 

information for the state of stress in different regions. Wyss [1970a] showed that the 

apparent stress of earthquakes on ridges do not differ much from those in trenches. The 

difficulty with the apparent stress was in difficulty in accurately computing the radiated 

energy. Although this difficulty still exists [e.g. Singh and Ordaz, 1994], the accuracy of 

energy estimates has improved [Choy and Boatwright, 1995], and we revive the use of e. 

In this paper, using equation 20, the relationship is cast in terms of the static and dynamic 
stress drops as follows.

c = EK /M0 = (2ACT, - Acr,)/2/i (23)

The quantity e can be interpreted as a non-dimensional radiated energy scaled with M0, the 

static size of the earthquake, and is called the scaled energy.
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Qualitatively, if the friction drops rapidly, fault motion would be accelerated 

rapidly, and more energy will be radiated for a given M0, and results in large e . In 

contrast, if the friction drops gradually, the fault motion is accelerated slowly thereby 

radiating less energy than the case for sudden drop in friction; this would result in small e. 

Thus, e which can be determined with the conventional seismological method can be used 

to infer the rupture behavior.
We can state the above behavior more quantitatively as follows. As shown in 

Figure 4a, if the friction drops rapidly, AcF, is comparable, or larger than ACT,, and e 

given by equation 23 is of the order of Acr^2/i. In contrast, if friction drops gradually, af 

defined by (7) approaches the average stress (cr0+Oi)/2; then Aarf = (l/2)Acr,, and e ~ 0.

Figure 5a shows the observed relation between ER and M0 , and Figure 5b shows e 

as a function of Mw. Although the determination of M0 can be made accurately, the 

determination of ER is still subject to large uncertainties. The values of ER estimated for the 

same earthquake by different investigators often differ by more than a factor of 10 [Singh 

and Ordaz, 1994; Mayeda and Walter, 1996]. In particular, the values determined from 

teleseismic data tend to be consistently smaller than those determined from regional data. 

This difficulty is mainly due to the complex propagation effects. Because of these 

uncertainties, the relation between ER and M0 has not been given close attention.

Figures 5a and 5b include two data sets. The data for large earthquakes (Mw > 3.5) 

are obtained in southern California using broad-band seismic data. The results obtained by 

Kanamori et al. [1993] have been slightly revised and updated using more recent data from 

TriNet, a broad-band seismic network in southern California [Mori et al. 1998]. In these 

studies, broad-band data at relatively short distances were used, and the propagation and 

site effects were removed empirically. The results of a recent study by Mayeda and Walter 

[1996] who used coda waves to determine the radiated energy agree with those of 

Kanamori et al. [1993] within a factor of 2, with Mayeda and Walter's values being slightly 

larger. With the recent deployment of a large number of broad-band instruments in 

southern California (TriNet, Mori et al.[1998]), the propagation and site effects can be 

calibrated more accurately with many high-quality data at short distances. The new 

calibration data suggest that the results obtained earlier with TERRAscope are probably 

accurate within a factor of 3.

The data for smaller earthquakes in Figures 5a and 5b were obtained by 

Abercrombie [1995] using the down-hole (2.5 km deep) seismic data recorded in the Cajon 

drilling site in southern California [Zoback and Lachenbruch, 1992]. A distinct advantage 

of using down-hole data is that they are free from the complex free-surface effects and the 

large attenuation near the recording site. These are the main factors that cause the large
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uncertainties in the results obtained with surface instruments, especially for small 
earthquakes. Although only one station was available, the data set covers a fairly large 
azimuthal range (approximately 150°) so that the effects of radiation pattern and directivity 
were averaged out Most events are within relatively short distances, 25 km, and the wave 
forms exhibit clean impulsive characters. Thus, these observations are considered among 
the most reliable for small earthquakes.

Large (M,>.4.5}Eanhquakes
Figure 5b shows that the values of e is about 5xlO'5 to 2x10"* for large 

earthquakes. If the static stress drop ACT, is 10 to 100 bars, this result indicates (equation 
8) that the dynamic stress drop, A 6^, is 20 to 110 bars for large earthquakes, comparable 

to, or slightly larger than, the static stress drop ACT,.

Our interpretation is that, for large earthquakes, melting and fluid pressurization 

reduce dynamic friction thereby causing rapid brittle failure resulting in a relatively large e, 
Since both ACT, and Ao^ are of the order of 100 bars, and the friction is low, the entire

process must be occurring at a stress level comparable to the static and dynamic stress 
drops, about 100 bars (Figure 4a). This is consistent with the result of Beroza and Zoback 
[1993] and Zoback and Beroza [1993] who found from the diversity of aftershock 
mechanisms that the friction during the 1969 Loma Prieta, California, earthquake was very 
low. Also Spudich [1992] and Spudich et al. [1998] inferred from the rotation of slip 
vectors that the absolute stress during faulting of several earthquakes is comparable to 

stress drops. The assumption in these studies is that the slip direction is subparallel to the 
frictional stress on the fault plane.

Small (Mw<2) Earthquakes
A striking feature seen in Figures 5b is that the ratio, e , for small earthquakes is 

approximately 10 to 100 times smaller than that for large earthquakes, i. e. small 

earthquakes appear to be less efficient in wave radiation than large earthquakes. Even if we 

allow for the potentially large uncertainties in energy estimation, this difference appears to 

be too large to be attributed to experimental errors, and probably reflects the real difference 

in the rupture dynamics between small and large earthquakes. The transition occurs 

between M~ = 2.5 and 5. Although Figures 5a and 5b show the results only from the two 

specific data sets, many other studies show a similar transition over this magnitude range 

[e.g. Thatcher and Hanks, 1973; Fletcher and Boatwright, 1991; Boatwright et al., 1991; 

Mayeda and Walter, 1996; Thio, 1996; Zhu, 1998]. It is interesting to note that figure 7 of
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Thatcher and Hanks [1973] showing the relation between M0 and ML, if combined with 
their figure 10 (EK vs. ML,), could be interpreted as showing this transition.

Referring to equations 7 and 9, we interpret this result in terms of a gradual drop in 
friction. Because the thermal energy involved is not large enough to reduce friction, the 
stress change can be gradual as shown in Figure 4b. This means that fracture energy, Ec, 
defined by the second term of equation 10 is high for small earthquakes. As mentioned 
earlier, the fracture energy for large earthquakes is considered to be small but, for small 
earthquakes, there is no direct evidence for small fracture energy, i.e. small earthquakes 

could be significantly less brittle than large earthquakes.
McGarr [1999] suggests, on the basis of the data for the apparent stress, that the 

upper bound of efficiency of earthquakes is about 0.06. Our conclusion on small 
earthquakes is qualitatively consistent with McGarr's [1999]. However, our conclusion 
suggests that the efficiency for large earthquakes (e.g. Mw > 6) could be considerably 
higher than that for small earthquakes.

Models for Small and Large Earthquakes
Using the results obtained above, we present here a schematic model contrasting 

small and large earthquakes.
First we assume that (70 is the same everywhere along a fault zone. Then, Figure 6 

illustrates representative stress variations for small and large earthquakes. We assume that 
the stress on the fault plane drops linearly from CTO until the slip reaches a critical value, Dc, 

where the stress is equal to a constant frictional stress ty 0 . The stress eventually drops to 

almost 0 if slip exceeds DT when melting or pressurization reduces friction. Figure 5b 

shows that this transition occurs at Mw =3 to 6, which suggests that DT =3 to 100 cm 
(equation 2).

We let Ds and DL be the total displacement for small and large earthquakes, 
respectively. For small earthquakes, D C <DS <DT , and for large earthquakes, DL »DT .

Then for large earthquakes,

= DLS

Since DL » DT >DC , and a, = 0,

D,c
DL

(24)

c = -, where ACT =cr0 (25) 
2/i
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In contrast, for small earthquakes,

(26)

Thus,

A/T ( n \
(27)- where ACT, = CTO -o

In this case, ACT, (small earthquakes) < ACT, (large earthquakes), but the difference would

be small, about a factor of 2 or so. On the other hand, the scaled energy, e , can be very 
different. If Ds is comparable to Dc for small earthquakes, then e can be very small.

This is the reason why we have the large difference in e between large and small 
earthquakes, even if the static stress drop is about the same. Actually, <T0 may vary 

considerably along a fault zone. If cr0 is large for small earthquakes, then we can have ACT, 
(small) = ACT, (large), yet e. can be still very small for small earthquakes if Ds ~ Dc . 

Actually, a large CTO for small earthquakes may not be unreasonable considering the 

possibility of local stress concentration. In any case, the actual condition can be very 

heterogeneous, but as a whole, some mechanism as illustrated in Figure 6 is probably 

responsible for the difference between large and small earthquakes.

Implications

State of Stress

The results obtained for large earthquakes suggest that the average stress level along 

mature faults where large earthquakes occur must be low because of the dominant thermal 

effects such as frictional melting and fluid pressurization. Because of melting or 

pressurization, a fault zone is self-organized into a low stress state. That is, even if the 

stress was high in the early stage of fault evolution, it would eventually settle in a low 

stress state after many large earthquakes. This state of stress is consistent with the 

generally held view that the absence of heat flow anomaly along the San Andreas fault

  16  



suggests a shear strength of about 200 bars or less [Brune et al., 1969; Lachenbruch and 

Sass, 1980].
The stress in the crust away from active mature faults can be high as has been 

shown by many in-situ measurements of stress [McGarr, 1980; Brudy et al., 1997]. The 

stress difference is large, and a kbar type stress may be involved in small earthquakes, but 

the events are in general so small that it is hard to determine the stress parameters 

accurately. What is important, though, is that as long as the length of the fault is small, the 

state of stress in the fault zone would not affect the regional stress drastically. However, as 
the fault grows to some length (e.g. Japanese intra-plate earthquakes like Tango, Tottori, 
Nobi etc), then some sort of self-organization occurs and the fault settles at a stress level 

somewhat higher than that on more active plate boundaries.

This type of stress distribution has been suggested from seismic data [Figure 7, 

Kanamori, 1980], and from stress orientations near major plate boundaries [Mount and 

Suppe, 1987; Zoback et al., 1987].

Magnitude-Frequency Relationship for Mature Faults

One probable consequence of sudden reduction in friction when slip exceeds a 

threshold value would be runaway rupture. In this context, an interesting observation is 

the magnitude-frequency relationship for some mature plate boundaries such as the San 

Andreas fault and some subduction zones. For example, the absence of events with 

magnitude between 6.5 and 7.5 on the San Andreas fault in southern California, despite the 

occurrence of magnitude 8 earthquake in 1957 (Fort Tejon earthquake) and the average 

repeat time of about a few hundred years [Sieh, 1984], has been thought somewhat odd. 

Figure 8a shows the magnitude-frequency relation taken from Wesnousky [1994], 

Earthquakes with M from 6 to 7 appear to be fewer than expected for the conventional 

magnitude-frequency relationship. A similar observation has been made for the Nankai 

trough in Japan [Masataka Ando, 1999, personal communication] as shown in Figure 8b. 

In this region, many earthquakes with M > 8 are documented well (Figure 9), but almost 

no earthquakes with 7 < M < 8 have occurred there since 1900. These observations can be 

interpreted in terms of the runaway process discussed above. As the magnitude exceeds a 

threshold value, about 6.5 for the San Andreas and 7 for the Nankai trough, the friction 

drops and fault slip cannot stop until it reaches some limit imposed by the regional 

seismogenic structure or loading geometry. This is a runaway situation caused by dynamic 

effects of faulting.

If the specific fracture energy, G*, is constant, the Griffith type cracks are 

inherently unstable, i.e. if the crack length exceeds a threshold, the crack will runaway.
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So, in this sense all earthquakes, small and large, can get into runaway rupture. However, 
G* is not constant in real fault zones, and the place where G* is large acts as a barrier to 
stop rupture propagation [Aid, 1979]. Then the question is what is the probability of some
barriers stopping the rupture. The easiest way to look at this situation is to use the stress 
intensity factor K which is given by (<T0 - <j/ )(^/)I/2 for a Mode HI crack [e.g. Dmowska

and Rice, 1986] where / is the crack length. As the fault grows, / and D increase. When 
D exceeds DT , friction, af , drops (see Figure 6). The combined effect of the decreasing af 

and increasing / increases K. Since the crack extension force is proportional to A?, the 
fault rupture becomes harder to stop and runaway rupture is more likely to occur.

The magnitude-frequency relationship is usually understood as a manifestation of 
heterogeneity of fault structure [Scholz and Aviles, 1986; Okubo and Aki, 1987; Aviles et 
al., 1987]. In addition to this static feature, slip-controlled dynamic runaway process could 
be an important element that determines the earthquake statistics for mature faults.

Seismic Breakaway Phase

In a series of papers, Ellsworth and Beroza [1995, 1998] and Beroza and Ellsworth 
[1996] showed that the moment rate of many earthquakes is initially low but after some 
time it grows rapidly. They called this sudden increase in the moment rate a breakaway 

phase. The breakaway phase could be a manifestation of the slip-controlled runaway 
rupture. However, our model has a highly heterogeneous distribution of strength and 
would not explain the scaling relation proposed by Ellsworth and Beroza [1995, 1998] and 
Beroza and Ellsworth [1996]. Similar observations, on various time scales, have been 
made by Umeda [1990, 1992], and Kikuchi [1997].

Slip Behavior of a Plate Boundary

The thermally-controlled model discussed above is inherently non-linear in the 
sense that slip controls the slip behavior. In such a non-linear system, it is possible that an 
infinitesimally small perturbation in the initial condition may lead to a significantly different 
behavior. In this context, the historical sequence along the Nankai trough is interesting. 
Figure 9 shows the sequence determined by a series of studies of Imamura [1928], Ando 
[1975], and Ishibashi [1998]. An interesting event is the one in 1605. This event caused 
widespread tsunami along the Japanese coast, but no significant evidence for shaking has 

been documented [Ishibashi, 1981]. Although the evidence is qualitative, the historical 
data for this region are generally considered reliable. This evidence suggests that the 1605 

earthquake was a tsunami earthquake in the sense defined by Kanamori [1972]. We 
suggest that the general style of earthquakes along a plate boundary (i.e. brittle ordinary

  18  



earthquake, slow tsunami earthquake, or creep) is determined by the properties of the 
boundary (e.g. age of the subducting plate, sediment structure, roughness of the 
subducting plate, convergence rate etc, [Ruff and Kanamori,1983; Uyeda and Kanamori, 
1979; Scholz and Campos, 1995]), but considerable perturbation from the average 
behavior could occur because of the non-linear nature of thermally-controlled mechanism. 
A slow tsunami earthquake could occasionally occur at a plate boundary where ordinary 
earthquakes regularly occur. This is a speculative interpretation, and the possibility that the 
1605 earthquake was caused by some other mechanisms remains, but considering the 
significant thermal effects on fluid-filled subduction boundary, this interpretation is 
plausible. Yamashita [1998] showed that fluid migration in a porous fault zone with 
spatially heterogeneous fracture strength can produce irregular event sequences. Although 

Yamashita's model is for a quasi-static case, and is not directly applicable to dynamic 
rupture propagation, a similar model would produce variable dynamic rupture patterns.

Ground Motion from Large Earthquakes
The effect of a pulse-like near-field ground motion on large structures is becoming 

an important engineering problem [Heaton, 1990; Heaton et al., 1995; Hall et al., 1995]. 
However, very few recordings of near-field ground motion from large earthquakes exist. 

In modeling studies, the records from small earthquakes are used to estimate ground 
motions from hypothetical large earthquakes. This is a reasonable approach but the 
possibility exists that the slip velocity during very large earthquakes could be significantly 
larger than that for small earthquakes because of reduction of friction caused by large 
displacement.

Conclusion

The thermal budget during seismic slip suggests that frictional melting and fluid 

pressurization can play a key role in rupture dynamics of large earthquakes. In a simple 
model of faulting under frictional stress <Jf , the temperature increases with of and the 

earthquake magnitude, Mw. If the slip plane is thin and heat transfer is mainly by 
diffusion, the thickness of the heated zone, w, is of the order of a few mm for a seismic 
time scale of about 10 sec. Then, even for a modest of , the temperature rise, A7, would 

exceed 1000° for earthquakes with Mw =5 to 7, and melting is likely to occur, and reduce 
friction during faulting. Another important process is fluid pressurization. If fluid exists in 
a fault zone, a modest AT of 100 to 200° would likely increase the pore pressure enough to 

significantly reduce friction for earthquakes with Mw =3 to 5. The microscopic state of 
stress caused by local melting and pressurization can be tied to macroscopic seismic
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parameters such as, M0 , and ER , by averaging the stresses in the microscopic states. 

Since the thermal process is important only for large earthquakes, the dynamics of small 

and large earthquakes can be very different This difference is reflected in the observed 

relation between the ratio e =E* /M0 and Mw . The available seismic data show that e for 

large earthquakes is 10 to 100 times larger than for small earthquakes. According to this 

model, mature fault zones such as the San Andreas are at relatively moderate stress levels, 

but the stress in the plate interior can be high. The fault dynamics described here suggests 

that once slip exceeds a threshold, runaway rupture could occur. This could explain the 

anomalous magnitude-frequency relationship observed for some mature faults. Since the 
thermal state is controlled by the amount of slip, the slip behavior is controlled by the slip 

itself. This would produce a non-linear behavior, and under certain circumstances, the slip 
behavior at the same location may vary from event to event. Another important implication 

is that slip velocity during a large earthquake could be faster than what one would 

extrapolate from smaller earthquakes.
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Figure caption

Figure 1.

Static stress drop of earthquakes [Modified from Abercrombie and Leaiy, 1993]. 

Figure 2.
Temperature rise, AT, in a fault zone as a function of magnitude, Mw , with the 

frictional stress, Of, as a parameter. The static stress drop ACT, is assumed to be 100 bars. 

The upper and lower figures correspond to the cases of w (thickness of the heated zone)=l 

mm and 1 cm, respectively. 

Figure 3

Permeability near a fault zone, a) Nojima fault, Japan [Ito et al. 1998]. b) Cajon 

Pass, California [Morrow and Byerlee, 1992]. 

Figure 4.

Illustration of simple stress release patterns during faulting, a) Simple case, b) Slip- 
weakening model. Hatched and cross-hatched areas indicate the fracture energy and 

frictional energy loss, respectively. 

Figure 5.

a). Relation between the radiated energy ER and the seismic moment MQ. The data 

for large earthquakes (solid circle) are from southern California [updated from Kanamori et 

al. 1993], and those for small earthquakes (open triangles) are taken from Abercrombie 

[1995]. b) The scaled energy, e=EK /M0 , computed as a function of Mw . Note that the 
values of e for small earthquakes are 10 to 100 times smaller than those for large 

earthquakes. 

Figure 6.

Schematic stress release patterns for small (left) and large earthquakes (right). 

Hatched, cross-hatched, and dotted areas represent the fracture energy, frictional energy 

loss and radiated energy, respectively. 

Figure 7.

Schematic diagram showing the magnitude of the stresses in Earth's crust 

[Modified from Kanamori, 1980]. 

Figure 8.

a). Magnitude-frequency relationship for the San Andreas fault, California 

[Wesnousky, 1994]. b). The same for the Nankai trough, Japan [Masataka Ando, written 

communication, 1999]. 
Figure 9.

Large earthquakes along the Nankai trough, Japan [Ishibashi and Satake, 1998].
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Thermal Pressurization, Fluidization and Melting of Fault Gouge 
During Seismic Slip Recorded in the Rock from Nojima Fault.

Kenshiro Otsuki, Nobuaki Monzawa and Toshiro Nagase 

Graduate School of Science, Tohoku University

1. Occuirence

At the 199S Hyogo-ken Nanbu earthquake, the surface fault about 10 km long appeared along the 

northwestern coast of Awaji island near Kobe City. Along this fault at Hirabayashi village, we found very 

interesting fault rock in which the detail of physical processes during seismic slip is recorded. This fault 

rock about 20 cm wide are composed of thinly laminated fault gouge and pseudotachylyte layers, and 

sandwiched by altered cataclastic granite on the southeast and Pliocene to Quaternary mud stone on the 

northwest. The seismic slip at the Hyogo-ken Nanbu earthquake occurred in the thin and soft fault clay 

layer between the laminated fault rock and Pliocene to Quaternary mud stone. Smectite, kaolinite and 

laumontite are detected by XRD analysis not only from cataclastic granite but also the laminated fault 

rock. Laumontite is stable in the temperature range from 1 lOt to 160*0, which is correlated to the depth 

of 3-S km by the temperature measurement for NEED bore hole (Kitashima et al., 1998) at Hirabayashi. 

This suggests that the fault rock concerned was formed not at the ground surface at the 1995 Hyogo-ken 

Nanbu earthquake (Enomoto and Zheng, 1998), but at a 3-S km depth at an ancient time, and has been 

uplifted associated with the lower temperature alteration.

The laminated fault rock is composed of very thinly (thinner than few mm) alternating layers of very 

fine grained gouge and pseudotachylyte. These layers are in erode-eroded relationship, suggesting each 

layer to correspond to one seismic event, and 11 events are identified within a IS mm wide thin section. 

Fault gouge and pseudotachylyte coexist sometimes in one layer, and the former grades into the latter 

through a sintered zone, suggesting the melting after comminution of rock. The solid grains in the fault 

gouge and pseudotachylyte are mainly quartz, K-feldspar, and fragments of old pseudotachylyte. The bulk 

chemical compositions of gouge and pseudotacylyte are nearly same as the host granite. Therefore, the 

root of them are granite, and their direct origin is old pseudotachylyte and/or fault gouge.

2. Characteristics of pseudotacylyte and temperature attained by fiictional heating

Pseudotachylyte is a mixture of glass matrix and many solid grains smaller than 100/z m. By TEM and 

XRD analysis the diffraction hallow and the broad peak at 2 0 about 24 * (0.36 run), both of which are 

proper to aluminosilicate glass, are observed. The increase in degree of melting is reflected in the EPMA 

back scatter images, namely solid grains become rounded and the volume fraction of glass matrix 

increases. For the layer of the highest melting, the volume fraction of solid grains is only 9 %, and the
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cumulative size frequency shows a power law in the size range from 3 to 20 fi m with 2.74 power value 

and associated with the cut-off in the smaller size range within the limit of resolution, we classified the 

pseudotachylyte layers tentatively into 6 based on the texture in EPMA back scatter images. Vesicles 

about 1 fi m diameter are found and they arrange with a preferred orientation, suggesting viscous flow of 

melt and degassing of interstitial fluid. Within the pseudotacylyte layers, very complicated fold structures 

are developed, suggesting turbulent flow. Shear parallel to the layer is suggested also by the rotated snow 

ball structures whose core is the fragments of old pseudotachylyte softened by high temperature. Melt 

sometimes intruded into old layers.

The volume fraction of solid grains can be measured by layer-by-layer XRD analysis (Fig.l). X-axis 

is the peak height of pseudotachylyte glass, and Y-axis denotes the peak heights of quartz, K-feldspar and 

plagioclase. As the peak height of glass increases, the peak heights of these minerals linearly decrease. 

However, when the peak heights of K-feldspar and plagioclase become zero, about 40 % of quartz grains 

survives, suggesting the non-equilibrium melting. This can be testified by plotting the chemical 

composition of the pseudotachylyte glass on the SiO2-NaAlSi3O|-KAlSi3O| diagram for the equilibrium 

melting of hydrous granite at 1 kb. All of the pseudotacylytes of different degree of melting are scattered 

around the granite melt at minimum temperature of 720t, suggesting that the minimum temperature of 

pseudotachylyte melt was 7201. It is sure that the maximum temperature was higher than 900 or 1000*0, 

because mullite was detected in a pseudotacylyte layer of the highest degree of melting (degree of 

melting: 6).

100 200 300 400 500 

Peak Height of Gass (cps)

Fig.1 Layer by layer XRD 
analysis of pseudotachylyte. 
X-axis is the peak height of 
glass matrix and Y-axis is the 
normalized peak heights of 
quartz; K-feldspar and 
plagioclase.

Plastically deformed grain margin which was softened by the temperature very close to the 

breakdown temperature of the mineral species concerned is useful to estimate the temperature during the 

non-equilibrium melting. For example, the breakdown temperature of K-feldspar is 1150*0, and that of 

plagioclase varies from 1100*0 to 1550*0 corresponding to its anorthite component. The K-feldspar

44  



grains with plastically deformed margin are found in the pseudotachylyte layers of the degree of melting 

3 to 6. The plagioclase grains with plastically deformed margin are contained in the layers of the degree 

of melting 5 and 6. The maximum anorthite component among them is about 30 %, suggesting 1200t. 

The breakdown temperatures of zircon and quartz are 1695t and 1730*0, respectively, and the 

plastically deformed margin cannot have been found yet for these minerals.

As already noted, the fragments of old pseudotachylyte are contained in pseudotachylyte layers. 

They are sometimes plastically deformed to be elongated. The softening (10"Pas) and working (ICPPas) 

temperature of aluminosiHcate glass are 900CC and 1200t , respectively (Bansal and Doremus, 1986). 

The pseudotachylyte fragments in the layers of the degree of melting 1 are not elongated. Those in the 

layers of the degree of melting 2 to 4 are more elongated as the degree of melting becomes higher, and 

finally they are assimilated into the melt to be disappeared in the layers of the melting degree 5 and 6.

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 "C 
i___i___i___I______i___i_____i______i___i___I___i___i___i

Melting of Micas  Q650

Equilibrium Melting __I _ 
of Hydrous Granite at 1 kb ; w 7 2 ° 

Crystallization of Mullite

Softening and Working Points 
of Aluminosilicate Glass

Melting of K-feldspar 

Melting of Plagioclase

Melting of Zircon 
Melting of Quartz

Degree of 
Melting

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 18001

Fig.2 Temperature markers (above) and temperature range estimated for pseudotachylyte layers of degree of 
melting from 1 to 6.

The temperature estimations above are synthesized in Fig.2. From these data, we can conclude that 

the minimum temperature of the pseudotachylyte is just higher than 7201 and the maximum 

temperature is about 1200*C or little higher. The purpose of the temperature estimation is of course to 

answer to the question whether the melting promotes or restrains seismic slip. The viscosity of silicate 

melt depends mainly on temperature, SiO2 content and H2O content. The temperature of the layers of
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degree of melting 1, 2, 3, 4, 5 and 6 is assumed as 800, 900, 1000, 1100, 1200 and 1300*0 from the 

temperature estimation shown in Fig.2. The SiO2 content of the pseudotachylyte glass is within the range 

from 61 to 63 %. This is nearly equal to those of sample LG-24 and WG-1 by Spray (1993), then we can 

use his temperature-viscosity relationship for the melt matrix with a modification below. The ignition loss 

of the EPMA analysis for the pseudotachylyte glass from Hirabayashi attains to about 7 to 8 %, but the 

H2O content when it was melting is essentially unknown. Then we assume it as 4 % on the basis of H2O 

solubility in a granite minimum melt at 800*0 and 1kb (Dingwell et al., 1984) and high-silica rhyolite at 

850*0 and 1 kb (Silver et al., 1989). On the other hand, the H2O content of the two samples of Spray 

(1993) is 2.0 and 2.5 wt %. The increase in the H2O content from 1.5 % or 2.0 % to 4 % decreases the 

viscosity of rhyolite melt at 850*0 and 2 kb to about 1/100 (Shaw, 1963) . The 4 % H2O content assumed 

is of course overestimated for the pseudotachylyte of high degree of melting, because H2O solubility 

decreases as temperature increases.

Viscosity of granular material (melt + solid grains) depends strongly on the volume fraction of solid 

grains. Regarding to the viscosity-volume fraction relationship for monodisperse spherical granular 

materials, several formulations have been proposed. Among them, the equation below can well explain 

the well-controlled experiments (Frith et al., 1996),

= 3.12, i =0.647          (1)

where rjt /tjm is the ratio between suspension viscosity and the viscosity of interstitial fluid, and <f> and 

I* are a given volume fraction of solid grains and the maximum volume fraction attainable, respectively. 

When the equation (1) is applied to the pseudotachylite, two difficulties arise. In addition to the fact that 

grains in the pseudotachylyte are not spherical, the size frequency is fractal associated with cut-off in the 

range of small size. Therefore both <f> *nd $** cannot be estimated precisely. Based on the very rough 

measurement of <f>, f/j* is assumed as 0.8, 0.65, 0.65, 0.35, 0.2 and 0.1 for the layers of degree of 

melting 1, 2, 3, 4, 5 and 6, respectively.

From the temperature, melt viscosity and volume fraction of solid grains estimated and assumed above, 

the viscosity of pseudotachylyte containing solid grains are calculated to be 1.5x10*, IxlO4, 2000, 60, 10 

and 1.5 Pas for the layers of degree of melting 1, 2, 3, 4, 5 and 6, respectively. When we assume the 

thickness of melt layer and the seismic slip velocity to be 1 mm and Im/s, shear resistance is calculated to 

be 1500, 10, 2, 0.06, 0.01 and 0.0015 MPa for the layer of degree of melting 1, 2, 3, 4, 5 and 6. As a result, 

we can conclude that seismic slip is surely restrained at the initial stage of melting, but after getting over 

this mechanical barrier, seismic slip is promoted. This conclusion is consistent with the frictional melting 

experiment by Tsutsumi and Shimamoto (1997).
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3. Texture of fault gouge and its fluidization

The gouge layers are composed of very fine (sub-um to 600 /u m) grains mainly of quartz, K-feldspar, 

plagioclase and the fragments old pseudotachylyte. The cumulative size frequency is well fitted to a 

fractal distribution, and the fractal dimension is very large (2.3), suggesting very large input energy 

density. The gouge layers are very homogenous and lack any structures of shear localization. It is very 

strange, because stick-slip experiments for simulated gouge layers are commonly associated with shear 

localization on Reidel shear. It is sometimes found the droplets flying into gouge. These characteristic 

phenomena suggest that the state of dynamic granular flow was not grain friction controlled but 

fluidization, in which grains fly about and collide each other with a mean free path like gaseous 

molecules. Fluidization will be realized when the volume fraction of grains is decreased beyond the 

maximum volume fraction attainable. The decrease in volume fraction of grains in a gouge layer is 

attributed to the expansion of interstitial fluid by frictional heating and/or dilatation due to comminution 

of gouge.

Another characteristic texture of the gouge layers in the laminated fault rock is that the counter parts 

of fragmented grains are rarely found. Suppose that we are observing a thin section of fault gouge by 

photo-microscope, where n grains with radius r are seen and nf of n are identified to be fragmented 

counterparts. The identification probability P(r) is defined as

where vr is the relative velocity between the fragmented counterparts and /, is the survival time 

interval (a reciprocal of fragmentation rate). When fluidized, vr is much fester than that in non-fluidized 

state, and /, is much longer than that in non-fluidized state, because the collision velocity of about 100 

m/s is needed for 0. 1 mm quartz grains to be fragmented. As a result, P(r) for the fluidized state is 

expected to be much smaller than that for the non-fluidized state. P(r) for the gouge layers in the 

laminated fault rock from Hirabayashi is, in fact, more than two order smaller than that for the non 

fluidized granitic cataclasite from other place. This surely verifies the gouge in the Hirabayashi fault rock 

to have been fluidized.

According to the experimental and theoretical knowledge in the fields of physics and technology, 

viscosity of fluidized granular materials follows the equation (1). Just before the gouge is molten (about 

720'C), the interstitial water attains super-critical phase at which viscosity of the fluid is smaller than 10*4 

Pas at 1 kb. Even if the volume fraction j of solid grains attains to 0.9 of its critical value $' , viscosity 

of fluidized gouge is not larger than the 1 Pas. Therefore thejshear resistance is smaller than the order of 

1000 Pa when the thickness of gouge layer and slip velocity are assumed to be 1 mm and Im/s, 

respectively. This suggests the nearly complete stress drop at the fluidization.
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4. Fundamental physical processes deciphered and their implication to earthquake

Melting and fluidization of fault gouge are of course preceded by thermal pressurization in which 

gouge layer is heated up and interstitial fluid is expanded by frictional heating. This process is well 

studied by Mase and Smith (1987). After the seismic nucleation, seismic slip proceeds from thermal 

pressurization to melting of fault gouge trough fluidization of gouge (Fig.3), all of which are positive 

feedback processes governing different deformation phases. In the phase of thermal pressurization, pore 

pressure increased by frictional heating decreases the effective normal stress on fault plain and it 

accelerates the seismic slip. Bulk mechanical properties in this phase are governed by friction among 

grains and fracturing of granular material.
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Fig.3 Elementary processes during seismic slip, k and £ are permeability and compressibility of 
wall rock, 0 is volume fraction of solid grains of gouge layer, o-..^ is the effective normal 
stress on the fault plane. Tm is melting temperature of gouge.

When the porosity and permeability of wall rock are smaller than the critical values, the thermal 

pressurization works so effectively that volume fraction of solid grains in gouge layer becomes smaller 

than the critical value ^* (0.647 when monodisperse spherical granular materials) by thermal expansion 

of interstitial fluid. At this moment, fluidization, another positive feedback mechanism, starts. Frictional 

resistance becomes very small, then an abrupt and nearly complete decrease in shear resistance is 

expected at the transition from thermal pressurization to fluidization. The heat generation rate in this 

phase is due to the grain collision and is very small. Then the fluidization is thought to be unstable phase 

and is easily turned back to the phase of thermal pressurization, because leaking rate of interstitial fluid 

from gouge layer is tend to exceed the thermal expansion rate of fluid.

Anyway, soon or later, gouge is molten by heat produced by grain to grain collision. When the
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permeability and compressibility of wall rock are greater than the critical values, thermal pressurization is 

turned directly into melting phase. As discussed above, seismic slip is restrained by the very high 

viscosity of melt, and may be stopped at some cases. However, frictional melting is also a positive 

feedback process, then slip thereafter is accelerated as melting proceeds and the seismic slip will run 

away.

Nucleation Brittle/Ductile Boundary

Fig.4 a): Concentric distribution 
of areas in which thermal 
pressurization, fluidization, 
and initial and advanced 
stages of melting work, 
b): Schematic time functions 
of slip velocity and shear 
stress during seismic slip 
estimated rom the fault rock.

The processes during seismic slip deciphered here are microscopic views, but seismic faulting is a 

macro-system. Leaving this out of consideration, we have some conclusions below. Thermal 

pressurization, fluidization, and initial and advanced stages of melting are the processes working 

successively, then they will work in the concentric regions in a extending rapture plane (Fig.4a). 

Frictional resistance is decreased suddenly to nearly zero when fault gouge is fluidized, and in contrast, 

seismic slip is restrained by the mechanical barrier of initial melting just after the fluidization. This 

process will radiate strong slip pulse (Heaton, 1990) from the outer region of a rapture plane (Fig.4b). 

Pseudotachylyte melt is cooled and consolidated with in short time duration just after seismic slip, and it 

is a main process to heal the fault plane.
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ABSTRACT

A new scientific drill ship equipped with riser capability that allows deep drilling beneath ocean 

floors will be constructed by Japan. This new opportunity after more than 30 years of successful 

scientific deep sea drilling programs (DSDP/IPOD/ODP) will mark a major step forward in better 

understanding of the earth's complex system inter-linking life and dynamics of the environment and 

deep interior. The first target agreed upon by scientists internationally is the seismogenic zone. The 

new drill ship will drill through the seismogenic part of the subduction plate boundary to collect 

samples, make in-situ measurements, and set up observatory to understand earthquake mechanics 

and physico-chemical processes operating in this environment.

Introduction

New exciting scientific objectives to be pursued by the proposed drill ship have been discussed both 

within Japan and internationally. In particular, the CONCORD meeting held in Tokyo in 1997 

attracted more than 150 scientists from around the globe to discuss scientific foci together with 

technological requirements. Among diverse but key questions to be addressed centered around the 

drill ship, "a comprehensive study of an active seismogenic zone within a seismogenic zone within a 

subduction zone system" was unanimously selected as the first experiment.

It is well known fact that major earthquakes occur in subduction zones and that actual faultings 

occur beneath the sea. Until the '70's investigations of these seismogenic zones were mainly made by 

teleseismic observations. Marine geological and geophysical (MG&G) survey technology was not 

quite advanced enough to image the seismogenic zone due to its complex heterogeneity and large 

depth. However, recent MG & G results are beginning to reveal the complexities of seismogenic 

zone in far more detail than before. This is an important but sometimes not well recognized aspect of 

drilling science. One cannot go and drill into a spot without knowing what to expect. Once the 

drilling provides the ground truth, then immediately a much wider area should become "illuminated" 

through extrapolation using existing remotely sensed data.

Scientific Rationale

We share many of our scientific objectives with those attempted or planned on the continents. The
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objectives are "an improved understanding of the physical and chemical processes responsible for 

earthquakes, and seismic hazard reduction for the very destructive great earthquakes that occur on 

these faults" (Seismogenic Zone Detailed Planning Group Report, 1999). This group of international 

scientists specifically addressed following questions:

1. What controls the earthquake cycle of elastic strain build-up and sudden rupture: stress, pore 

pressure and chemical changes?

2. Are there changes with time, of stress, pore pressure, pore fluid chemistry or other parameters 

that define times of increasing probability of great earthquakes?

3. What controls the parts of subduction thrusts that are seismic and aseismic, especially the 

seaward updip and landward downdip limits?

4. What is the nature of asperities on the megathrust faults that are inferred to be stronger and 

generate large earthquake slip compared to areas that may have significant aseismic creep?

5. What is the nature of "tsunami earthquakes?" Why do some large slip events have most stress 

release in the seismic motion of great earthquakes, whereas others have slower slip that generates 

only moderate earthquakes but large tsunamis?

Some questions are pertinent to the realm of plate subduction boundary, but any significant 

contribution in answering these questions will undoubtedly have broad application to earthquakes in 

general.

OD21 Drill Ship

What makes the proposed OD21 drill ship different from the existing drilling vessel JOIDES 

Resolution is that it is equipped with a riser for mud circulation and with a blow-out prevention 

device. This method conventionally used in the oil field will, in essence, enable deeper drilling. The 

proposed vessel will be capable of drilling in up to 2,500 m water depth using riser and drilling 

7,000 m below the seafloor. The ship is scheduled to become available for international scientific 

community as part of IODP (Integrated Ocean Drilling Program) from 2006. IODP is planned to 

operate more than two drilling platforms to bring about new directions in drilling science. After 

gaining initial experiences, the ship is to be further advanced to enable drilling in 4,000 m water 

depths with riser. The OD21 drill ship has started its construction in FY1999 and is expected to start 

its shakedown operations in 2003/04.

Subduction Seismogenic Zone

Already the JOIDES Resolution made a number of drillings in subduction zones. In particular, the 

drillings in the Barbados and the Japan Trench and instrumenting the holes can be considered as 

steps towards reaching the Seismogenic zone. In the Barbados Ridge, where Caribbean and North
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American plates are bordered, drilling were made into different zones of fluid condition that were 

seismically estimated and were instrumented with long-term pressure and temperature sensors. In the 

Japan Trench, where the Pacific plate is subducting beneath northeast Japan, two holes were 

instrumented with strain, tilt, seismic and temperature sensors. Technical successes of and the results 

from these experiments indicate that we are steadily stepping forward to be ready for the 

seismogenic zone drilling.

Careful consideration of the requirements for site selection is probably the most important aspect in 

the initial stage of the drilling project. The requirements listed by the DPG are abridged here:

1. A subduction zone where the tectonics, structure, thermal regime, and earthquakes are very well 

studied and well known. Previous shallow drilling of the subduction thrust and on the continental 

slope in the area of the proposed deep site would be essential. The region should be structurally 

simple with an inferred decollement that is fairly stable in position and depth with time.

2. Shallow plate dip and shallow trench such that the subduction thrust fault can be reached by 

OD21 drilling in a reasonable time, i.e. less than 5 km penetration. This appears to require sites 

where young oceanic plates are being subducted. It is recognized that young plates also usually 

means high thrust temperatures.

3. Accretionary prism sediments or other formation that it is expected to be readily penetrated by the 

OD21 drilling. A low temperature gradient is desirable.

4. The subduction thrust should be accessible to non-riser drilling seaward from the main deep riser 

site that penetrates the seismogenic zone.

5. A recent great earthquake within the seismogenic zone that has been well studied is needed to 

characterize the seismogenic zone.

6. The subduction thrust should be well imaged by multichannel seismic data, especially in the area 

of the seismogenic zone to be drilled.

7. The locked part of the seismogenic zone should be defined

Case of Nankai Trough

In the vicinity of Japan, the Nankai Trough and Japan Trench areas are two contrasting seismogenic 

zones capable of generating M-8 class earthquakes. The former is considered to be 100 % locked in 

between the major events, which recur at about 120 years interval. The recurrence time is not well 

established in the Japan Trench. The background activity is much higher than in the Nankai Trough, 

however the seismic coupling (plate motion accommodated by earthquakes) is only about 1/4. 

Tectonic backgrounds are different between these areas. But, we do not yet know what makes this 

contrast.
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Of the two zones, OD21 drilling vessel will not be able to reach the Japan Trench seismogenic zone. 

The likely target is in the Nankai Trough. But where? In order to select the best location, many 

investigations are ongoing including 3-D seismic surveys. The present understanding from MG&G 

investigations will be shown. The drilling proposal will have to be composed soon for careful peer 

reviews, however it is almost certain that drilling proposal in the Nankai Trough will be based on 

these site survey data.

Summary

With the construction of a riser-equipped drilling vessel by Japan, a new opportunity arises to 

directly reach, sample, and monitor the subduction seismogenic zone from 2006. The first target is 

likely to be selected in the Nankai Trough area that satisfies the scientific requirements for 

addressing key questions for understanding earthquake cycle processes. Before actual drilling, many 

studies must be carried out based on careful planning. These include site surveys, geological 

sampling of exhumed subduction zones, and development of borehole tools for high temperature 

environment, which are already under way. Target sites should be proposed within a few years' time.
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ABSTRACT

The Nojima Fault-zone Probe was designed to 

study the properties and recovery processes of the 

Nojima fault which moved during the Hyogo-ken 

Nanbu earthquake (Ms7.2) of January 17, 1995 (JST, 9 

hours +UT). Three holes, 500 m, 800 m and 1800 m 

deep, were drilled into or near the fault zone. The 800 

m hole was drilled in November 1995, and in 

December 1996 the last hole reached its final depth of 

1760 m. The significant results are: (1) Geological and 

geophysical reconstruction of the structure and 

evolution of the Nojima fault was obtained; (2) The 

maximum compression axis was found to be 

perpendicular to the fault, about 45* to the regional 

compression stress axis; (3) Micro-earthquakes (m- -2 

to +1) were induced by water injections 1 to 3 km from 

the injection points in the 1800 m hole; (4) The fault 

zone was measured to be 30 m wide from microscopic 

studies. 3-component seismometers, crustal 

deformation instruments, thermometer etc. were 

installed in the holes.

Key wordi: Hyogo-ken Nanbu earthquake, Nojima 

Fault, drilling, water injection

INTRODUCTION

The Hyogoken Nanbu earthquake (Ms 7.2) 

occurred at 5:42 on January 17 (JST), 1995 along the 

coast of Kobe and Awaji Island (Fig. 1). The

34.5

Awaji Island

A: «00m Borehole 
B: 1800m Borehole 
C: 500m Borehole

3 fan

134.9*E 135.0

Fig. 1 Map ihowing the Nojima fault (thick solid 

line) associated with the 1995 Hyogo-ken Nanbu 

earthquake on Awaji Island. The thick dashed line 

represents the geologic boundary between the 

Osaka series (Quaternary) and granite basement 

(Cretaceous), which moved slightly with a 

maximum vertical slip of 40 cm in 1995.

hypocenter was located beneath the Awaji straight and 

the rupture propagated bilaterally towards Kobe and 

Awaji Island (e.g. Ide et al. 1996; Hashimoto et al. 

1996). Fault traces appeared on Awaji Island, but not in 

the Kobe city (Nakata et al. 1995). The present 

program of intensive studies of the Nojima fault started
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three months after the earthquake. It consists of both a 

deep drilling plan of 500 m, 800 m, and 1800 m depth 

holes, and a plan for geophysical and geological 

investigations at the surface. This project was called the 

"Nojima Fault-zone Probe" and consisted of about 60 

scientists and technicians with 14 universities (Table 1). 

In addition, the project cooperated with two national 

institutes, Geological Survey of Japan (Ito et al. 2000), 

and National Research Institute for Earth Sciences and 

Disaster Prevention (Ikeda et al. 2000), which engaged 

their own drilling programs of the Nojima fault and 

nearby active faults. The three groups collaborated 

throughout the study in exchanging information and 

data on site selection, drilling logs and techniques etc.

OBJECTIVES

The objectives of this project are divided mainly 

in five items: (1) seismic reflection and refraction 

surveys (Sato et al. 1998; Ohmura et al. 2000) and 

geoelecthc and geomagnetic surveys near and on the 

Nojima fault (Murakami et al. 2000), (2) geophysical

continuous monitorings such as seismicity (Nishigami 

et al. 2000), crustal deformation (Ishii et al. 2000), 

geochemical, geothermal (Yamano & Goto, 2000) and 

geoelectro-geo magnetic measurements, (3) active 

experiments were done in the 1800 m borehole such as 

hydro-fracturing (Tsukahara et al., 2000) and 

experiments of water injection into the fault gouge 

(Shimazaki et al. 1997; Tadokoro et al. 2000a), and (4) 

microscopic analyses of core samples near and on the 

fault zone (Deformation mechanisms and fluid 

behavior in a shallow, brittle fault zone during 

coseismic and interseismic periods: results from 

drilling cores penetrating the Nojima fault, Japan, H. 

Tanaka, S. Hinoki, K. Kosaka, A. Lin, K. Takemura, A. 

Murata, and T. Miyata), and (5) ACROSS (Accurately 

Controlled Routinely Operated Seismic Source) 

experiment for measuring high sensitivity seismic 

velocity changes (Yamaoka et al., 2000). The above 

observations and experiments will be carried out 

continuously or intermittently for at least 10 years. 

These experiments will reveal the mechanism of 

healing and recovery processes of the fault zone.

Table 1 Participants* of the Nojima Fault Probe

Tohoku Univ. Core stress memory (Deformation Rate Change Method)
Chiba Univ. Seismic reflection survey around the drilling site
Univ. of Tokyo Geochemistry near fault zone, Ground-water level change
Earthquake Res. Inst. Physical properties and material science of fault zone
(Univ. of Tokyo) Geothermal, Crustal deformation observation using down-hole instruments,

Seismological observation
Shinshu Univ. Hydrofracturing test, Gas geochemistry of fault zone 
Kanazawa Univ. Thermal history of drilling site using chronological data 
Nagoya Univ. ACROSS (Accurately Controlled Routinely Operated Seismic Source) 
Kyoto Univ. Material science of fault zone, Tectonic history,

Geochronology of drilling site
Disaster Prevention Res. Inst. Seismic observation using down-hole seismometers and accelerometer, 
(Kyoto Univ.) Ground water level change, Geoelectro-magnetic observation of fault zone and

surrounding rock, Physical properties of fault zone 
Kobe Univ. Tectonic history of fault zone 
Tokushima Univ. Structural geology of drilling site
Kochi Univ. Tectonic history of fault zone, Geoelcctro-magnetism of fault zone and surrounding rock 
Yamaguchi Univ. Stress measurements of core samples 
Ehime Univ. Material science of fault zone rock 
National Res. Inst for Earth Sciences and Disaster Prevention (NEID)

Collaboration in several subjects 
Geological Survey of Japan (GSJ)

Collaboration in several subjects

*Only institutions' names are listed.
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DRILLING SITE

A perpendicular long seismic reflection survey 

was undertaken across northern Awaji Island (Sato et al. 

1998). The seismic reflection profile reveals the fault 

geometry beneath the area. Sato et al. (1998) 

interpreted that Awaji Island uplifted by movement on 

the Nqjima fault and a fault beneath the western coast 

of the Island. The basement of Awaji Island is bounded 

by these active faults.

The Nojima fault lies on the western coast of 

Awaji Island. The 1995 fault trace appeared mostly on 

narrow terraces between the coast and mountain slopes 

(Nakata et al. 1995). Because of the narrow area on the 

Island, sites available for drilling experiments were 

quite limited, but two inactive quarry sites were found 

to be available. We selected the "Toshima site" and the 

two national institutions (Geological Survey of Japan 

and National Research Institute for Earth Science 

Research and Disaster Prevention) chose the 

"Hirabayashi site", 5 km to the north of the Toshima 

site. The drilling site consists of granite, partly covered 

by Neogene or Quaternary marine sediments. The 

scientific attractions of this site were: (1) It is located 

near a branching of the Nojima fault, from which a 

geologic boundary fault splays to the southwest (Fig. 1). 

Therefore, there was a chance of hitting two faults with 

deep drilling, enabling a comparison of properties of 

the two fault zones at depth; (2) A relatively flat area 

was available for geophysical surveys, such as 

resistivity, geoelectro-potential, and seismic reflection 

surveys; (3) The depth of basement below the 

sedimentary layers can be estimated from the drilling, 

which enable us to estimate a total offset of the fault

THREE BOREHOLES

This project was based on drilling three 

boreholes, first a pilot hole of 500 m depth for 

determining the dip-angle of the fault at depth, second

an instrumentation hole of 800 m depth for passive 

observations of crustal deformation and earthquakes, 

and third an experimental hole of 1800 m depth for 

actively injecting water into the fault gouge and 

hydrofracturing tests. The 500 m hole was drilled with 

an inclination of 60". In order to assure hitting the fault 

zone and determining its exact location at a depth about 

300 m. In order to install tiltmeter, which have small 

inclination tolerances, the deviation of the drilling 

center from the vertical was 3* for the 800 m hole. The 

hole was cased with iron pipes from the surface to a 

depth of 785 m; the last 15m above the bottom was left 

uncased in order to install a capsule that contains a 3- 

component seismometer, a 3-component accelerometer, 

a 3-component strainmeter, a 2-componet tiltmeter, 

thermometer and pressure gauge. The strainmeter must 

be cemented to the surrounding rock with a special 

cement The 1800 m hole was drilled 80 m away from 

the 800 m hole. The 1800 m hole was drilled vertically 

for the first 1200 m and then bent gradually with a 

maximum inclination of 20* from the vertical to reach 

the fault zone at depth. In the 1800 m hole, 

seismometers were also installed at three levels 

(Nishigami et al. 2000). The results of the hydro- 

fracturing tests in the 1800 m hole indicate that the 

maximum compression axis was found to be 

perpendicular to the fault, about 45* to the regional 

compression stress axis (Tsukahara et al. 2000). 

Yamamoto & Yabe (2000) made a deformation rate 

analysis (DRA) of core samples from the 1800 m hole. 

Also, a system to accurately monitoring seismic wave 

velocities called ACROSS has been installed by a 

group from Nagoya University (Yamaoka et al. 2000). 

Signals from the ACROSS and boundary waves 

traveling through the fault zone from earthquakes 

occurring within or close to the fault below are of 

particular interested to this project. An observation 

vault was constructed near the drilling site. The concept 

of the present project is summarized in Fig. 2 and Table 

2.
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Fig. 2 The concept of the Nojima Fault-zone Probe. 

The three drill holes are shown in the figure. The 

500 m hole is the pilot hole to determine the depth 

and location of the Nojima fault for planning the 

1800 m hole. The 800 m hole is the installation hole 

for strainmeter, tiltmeter and seismometers. The 

data from these sensors are telemetered to Disaster 

Prevention Research Institute, Kyoto Univ. and 

Earthquake Research Institute, the University of 

Tokyo. The ACROSS station is located on granite 

basement, 200 m from the Nojima Fault 

Observatory.

Fig. 3 shows the drilling logs for the three holes. 

Because of the fragile nature of the fault zone, drilling 

heads of the 1800 m hole were recovered three times 

when they hit the fault zone. The drilling schedule was 

thus extended six months longer than initially planned. 

Fig. 4 represents the vertical geological cross-section 

reconstructed from the core samples of the 500 m hole 

(Quaternary vertical displacement and avarage slip rate 

of the Nojima fault in Awaji Island, Japan, A. Murata, 

K. Takemura, T. Miyata, and A. Lin). Two 

unconformities, one between the Osaka Group and the 

Kobe Group and the other between the Kobe Group 

and the granite basement, are found in the cross section. 

From this geological section, a 5mm/y dip-slip rate is

estimated by Quaternary vertical displacement 

and avarage slip rate of the Nojima fault in 

Awaji Island, Japan, A. Murata, K. Takemura, T. 

Miyata, and A. Lin. From the core samples, the 

Nojima fault zone was measured to be 30 m 

wide (Deformation mechanisms and fluid 

behavior in a shallow, brittle fault zone during 

coseismic and interseismic periods: results from 

drilling cores penetrating the Nojima fault, Japan, 

H. Tanaka, S. Hinoki, K. Kosaka, A. Lin, K. 

Takemura, A. Murata, and T. Miyata). Fig. 5 

shows the three holes and the two faults and the 

geological cross-sections approximately 

perpendicular to the fault,(Quatemary vertical 

displacement and avarage slip rate of the Nojima fault 

in Awaji Island, Japan, A. Murata, K. Takemura, T. 

Miyata, and A. Lin).

Fig. 6 shows geophysical sensors installed in 

the three holes. From the 500 m hole all cores were 

extracted and from the 800 m hole only core samples 

for the 10 m above the bottom were extracted. Results 

of logging tests, lithological profiles, and 

hydrofracturing experiment in the 1800 m hole are all 

summarized in Tadokoro et al. (2000b).

ACROSS

The ACROSS (Accurately Controlled Routinely 

Operated Seismic Source) system has been developed 

by a group at Nagoya University in order to measure 

slight changes in seismic velocity (Yamaoka et al. 

2000). The possibility of using the high sensitivity of 

seismic velocity for detecting stress variation in the 

earth's crust has long been discussed by seismologists. 

Many field experiments were performed using several 

kind of sources. In most of the experiments impulsive 

seismic signals were used, which lead to eventual 

failure of the medium around the source. To detect the 

velocity change without destroying the site it is natural 

to use vibrators which generate continuous sinusoidal
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Table 2 Objectives, core sample and observation

Pilot hole to define the location of fault
30* from vertical (dip angle of 60*) and drilled straightway
All cores retrieved with a diameter of 65 mm

500m
Objective
Inclination
Core sample
Casing
Long-term observation

Installing 3 electrodes in both sides of fault at depths 400-500 m to measure changes 
in telluric current and resistivity, Ground water level change near the surface 

800m
Objective Passive observations 
Inclination Vertical within an allowance of 3 * 
Core sample Only 15 m section at the bottom (785-800 m) retrieved 
Long-term observation

3-component seismometers (velocity and acceleration), 3-component horizontal strainmeter, 
2-component tiltmeter and water-pressure gauge, thermometer

Above are all installed in a capsule of 5 m length at the depth 795-800 m).
Signals are transmitted through armed 100-core cable to the surface.
The instrument capsule was mold with a special kind of cement to be coupled

with borehole wall. 
Near the surface a discharge gage was installed in the hole.

1800m
Objective
Inclination

Active experiments and passive observations
Vertical down to 1000 m, around the 1200 m depth gently bent and then straightway
with an inclination of 20* 

Logging tests 500- 1250m: Resistivity, temperature, sonic wave, density, caliper and borehole televiewer
1250-1800m: Resistivity, temperature, sonic wave, density, caliper, borehole televiewer and
cement-bonding 

Experiments 1) Hydrofracturing tests: several measurements at depths between 1100-1700 m
2) Water injection tests: injected twice after hydrofracturing tests, 

jet-percolation pin-holes were made near the fault zone
3) Geomagnetic measurement: using a downhole magnetometer measurements were carried out

at depths shallower than 500 m within steal casing pipes. 
Long-term observation

3-component seismometer (To=4.5 Hz, depth88 1460 m), 2 vertical seismometers(depths 1568 and 
1673 m), thermometer and a optical-fiber thermometer from the surface down to 1650 m depth

waves.

The ACROSS consists of such continuously 

vibrating sources which generate precisely controlled 

seismic signals. The source consists essentially of a 

servo motor and an eccentric mass which is fixed to the 

motor. The motor rotates the eccentric mass with the 

rate which is referenced to the precise pulses given by 

GPS. This produces centrifugal forces acting on the 

surrounding ground. This system can be used to 

monitor the long-term velocity changes associated with 

healing of the fault plane. It will hopefully be able to

measure velocity changes of the order of 10~6 near the 

ACROSS site.

WATER INJECTION EXPERIMENT

One of the major borehole experiments of the 

present project was water injection into the fault zone 

near the bottom of the 1800 m hole. Fig. 7 shows the 

concept of the water injection experiment proposed by 

Shimazaki et al. (1997). The idea shows that the 

healing process of a fault zone can be measured by 

monitoring its permeability derived from water 

injections into the fault zone.

The hole was cased from the surface down to the 

bottom at 1720 m. Between 14800 m and 1670 m 

depths, the casing pipes were pin-holed by shots in 

order to inject water into the surrounding rock. We 

injected water twice. The first experiment lasted for 5 

days, and the second for 10 days, 1 month after the first 

experiment In the first experiment, water was injected 

for 2 days, and then stopped for 24 hours. Then water
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Fig. 3 Diagram showing drilling depths reached 

versus time for the three holes. The 1800m hole 

drilling was stacked three tunes near or in the fault 

zone of the Nojima fault.

injection was restarted, keeping the pressure at a 

constant level for 2 days. In the second experiment, 

water was injected for 10 days continuously.

At the start of each experiment, the water 

pressure was increased to preset levels (2.8 to 4.7 MPa). 

The injection pressure was controlled automatically 

with a valve connected to the casing head at the surface. 

The fluctuations of water pressure were kept within 5%. 

The inflow rate of water was about 20 1/min throughout 

the experiments. Excess water flowed out of the system

Fig. 4 Vertical geological cross-section derived 

from core samples of the 500 m hole. Two 

unconformities between the Osaka Group and the 

Kobe Group and between the Kobe Group and the 

granite basement are found in the cores. The 

Nojima fault dips 83* to the southeast (Murata et aL, 

2000).

to keep the pressure level constant. The total water 

volume injected during both phases reached 258 cubic 

meters.

Subsurface ground water flow was monitored by 

geoelecthcal or geomagnetic methods (Hashimoto et al. 

2000). Seismicity changes caused by the water 

injection were monitored by installing seven temporary 

stations surrounding the drilling site, and borehole 

seismometers in the 800 m hole were used to monitor 

seismicity changes (Tadokoro et al. 2000a). The noise

level at the seismometers was 5 x 10~6 cm/s, low 

enough to record nearby earthquakes of m=-2.

Most earthquakes are located 2 to 4 km below
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NojimaFault soom Hole 1800m Hole

Fig. 5 Cross-section approximately perpendicular to 

the fault for the three boreholes and the two faults

(MurataetaL, 2000).

the surface, 1 to 3 km from the injection site. It should 

be noticed that earthquakes possibly induced by the 

injection spread away along the fault zone, instead of 

beine concentrated near the injection sites. Earthquakes 

with S-P times at the bottom of the 800 m hole of about 

0.3-0.5 s increased 4 to 5 days after the beginning of 

each injection. This activation delay is similar to the 

experiment in Matsushiro, Japan (Ohtake 1974).

The observation that microearthquakes can be 

triggered by small increases in pore pressure indicates 

that stress levels in the crust near the fault are almost at 

equilibrium with the fhctional strength. The 

concentration of hypoccnters at KTB (Zoback & Harjes

Fig. 6 Diagram showing sensors installed in the 

three boreholes

knmedately 
ater event

Longf me 
after event

Fig. 7 Concept of the water injection experiment 

proposed by Shimazaki ft aL (1997). Hie idea shows 

that the healing process of a fault zone can be 

measured by monitoring its permeability derived 

from water injection! into the fault zone.
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1997) differs from our case at AwajL This suggests that 

the differential stress (shear stress) at the Nojima fault 

is extremely low. From hydrofracturing tests in the 

1800 m hole (Tsukahara et a/., 2000), the factional 

coefficient is estimated to be less than 0.3, under the 

assumption of "Coulomb Failure Criterion" (Tadokoro 

ft al. 2000a). This frictional strength on the fault planes 

where the earthquakes were triggered is extremely low, 

compared to results from laboratory experiments, 0.6- 

0.7 (Byerlee 1978) and an induced test at KTB, 0.6-0.7 

(Zoback & Harjes 1997). Further considerations are 

necessary to understand the mechanism of the 

earthquake cycle on the fault

CONCLUSIONS

The important results of the Nojima Fault-zone 

Probe, a consortium program of 14 universities and 2 

national institutions, are: (1) Geological reconstruction 

of the evolution of the Nojima fault was obtained; (2) 

The maximum compressional axis was found to be 

perpendicular to the fault, about 45*. to the regional 

compressional stress axis; (3) Micro-earthquakes (m= - 

2 to 4-1) were induced by water injections 1 to 3 km 

from the injection points in the 1800 m hole; (4) The 

fault zone was measured to be as thin as 30 m from 

microscopic studies. 3-component seismometer and 

accelerometer, 2-component tiltmeter, 3-component 

strainmeter were installed in the 800 m hole, and 

seismometers were installed at three depth levels in the 

1800m hole.
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Outline of the Nojima Fault Scientific Drilling by NIED

Ryuji Ikeda
National Research Institute for Earth Science and Disaster Prevention, 

Tennodai 3-1, Tsvkuba, 305-0006 Japan. E-mail: ikeda@geo.bosai.go.jp

ABSTRACT
Three deep boreholes of 1,000 m to 1,800 m 

were drilled by NEED (National Research Institute 
for Earth Science and Disaster Prevention) in the 
vicinity of the epicenter of the 1995 
Hyogoken-Nanbu (Kobe) earthquake for scientific 
research purposes. In particular, the Nojima- 
Hirabayashi borehole was drilled to a depth of 
1,800 m and crossed the fault zones below the 
depth of 1,140 m. To investigate tectonic and 
material characteristics near and in active faults, 
we have been conducting an integrated study of 
crustal stress, heat flow, and fracture and material 
analyses on the cores.

A series of in-situ stress measurements by the 
hydraulic fracturing method was conducted in these 
boreholes. Measurement results revealed 
characteristic stress states around the fault system. 
The shear stress is very small at each site, and the 
orientation of the maximum horizontal compression 
was almost the same in the three boreholes, 
perpendicular' to the surface trace of the faults. 
This result supports the finding that the magnitude 
of the shear stress along the Rokko-Awaji fault 
system was at a very low level after the 
earthquake. Terrestrial heat flow was also studied 
by using the temperature logging data and the 
thermal conductivity of the cores retrieved from 
the Nojima-Hirabayashi borehole. Amplifying the 
results of the heat flow value, the cutoff depth of 
aftershocks was estimated to be roughly 300 ° 
C in temperature. Furthermore, to characterize the 
deformation and alteration of the fault fracture 
zone, rock cores retrieved from the fracture zone 
were studied for the relative density of 
micro-fractures, mafic minerals and chemical 
compositions. The core pieces were classified into 
five types of fault rocks, and the asymmetric 
distribution pattern of the fault rocks in the 
fracture zones was clarified.

DRILLING, CORING AND LOGGING
We at the NIED drilled three boreholes in the 

vicinity of the epicenter of the Hyogoken-Nanbu 
earthquake, M=7.2, January 17, 1995. The main 
purpose of these drillings was to evaluate 
quantitatively the stress states, permeability, and 
heat flow in the fault vicinity just after the 
earthquake occurrence, while also investigating the 
fault structure and the physical and chemical 
properties of the fault rock. The earthquake 
occurred along the NE-SW trending fault network, 
the Rokko-Awaji fault system; and the Nojima 
fault appeared on the surface in Awaji Island when 
this rupture occurred (Katao et al., 1997). Figure 1 
shows our borehole sites and the active fault 
distribution. The drilling sites and the state of each 
are outlined in Table 1. Each borehole is located at 
a characteristic site in relation to this earthquake's 
active fault system and aftershock distribution.

The Nojima-Hirabayashi borehole on Awaji 
Island was drilled to a depth of 1,838 m, at a 
quarry about 320 m SE from the surface trace of 
the Nojima fault, and it directly crossed the fault 
zones. Figure 2 indicates the relationship between 
the Nojima-Hirabayashi drilling trajectory, NIED 
Drilling Trace, and the Nojima fault together with 
a simplified lithological column obtained by rock 
core observations. The core recovery was almost 
100 % from 1,000 m to the final depth of 1,838 m. 
Granodiorite and tonalite were found to be the 
basement rocks. Remarkable fractured zones of 
cataclasite with a fault gauge were confirmed at 
three depths, around 1,140 m, 1,313 m and 1,815 
m. A drilling trace of GSJ (Geological Survey of 
Japan) is also shown in Fig. 2. In the GSJ well, 
the fault zone with a fault gauge was confirmed at 
the 623.3 m to 625.1 m depth (Ito et al. 1996). 
From these results, the dip of the Nojima fault is 
estimated to be about 70° to 85°. Geophysical 
logs recorded before the borehole experiments 
elucidate the in-situ variation in the physical
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epicenter

NIED 
stress repeat

Figure 1. Scientific drilling sites around the epicenter of the 1995 Hyogoken-Nanbu 
earthquake (star symbol) on the map of active fault distribution (dotted line; after 
The Research Group for Active Faults of Japan, 1992). Black circles indicate the 
three deep boreholes discussed in this paper. Double circles denote the boreholes 
drilled by the Geological Survey of Japan and University Group. Black squares 
indicate stress repeat measurement sites (after Dceda et al., 1996).

Drilling Site

Distance and Direction 
from Active Fault

Drilling Depth

Drilling Diameter

Max. Inclination

Lithology 

Coring

Casing

NOJIMA-fflRABAYASHI 
(AWAJI ISLAND)

Hokudan, Tsuna, Hyogo Pref.

320m, S41 ' E, 
from Nojima-fault

1,838.8 m

193.7 mm (10-250 m) 
149.2 mm (250-1,000 m) 

97.5 mm (1,000-1,800 m)

7 ' 20' (at 993.9 m)

tonalite, granodiorite, 
cataclasite, fault gauge

spot coring; 5 points (< 1,000 m) 
all coring; (> 1,000 m)-'

4" c.p. to 100.3 m deep

IWAYA 
(AWAJI ISLAND)

Awaji, Tsuna, Hyogo Pref.

1.7 km, S40 ' E, 
from Nojima-fault

1,001.5 m

193.7 mm (10-200 m) 
149.2 mm (200-1,000 m)

4 ' 00' (at 959.3 m)

granodiorite, diorite, 
cataclaisite

spot coring; 6 points in every 
100 - 200 m

6" c.p. to 200 m deep

KABUTC-YAMA 
(NISfflNOMIYA)

Kabutoyama, Nishinomiya-city

1.5 km, E, from Ashiya-fault 
1.5 km, W, from Koyo-fault

1.313.2 m

149.2 mm (20-700 m)

11 ' 20' (at 934.0 m)

biotite granite

spot coring; 6 points in every 
200m

7" c.p. to 701 m deep, 
reaming 701-740 m by 175 mm 
dia.

Table 1. Drilling outline of the Hyogoken-Nanbu earthquake fault zone drilling project by NIED
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Some of the chemical components' variations found around the 1,140 m fault zone are 
also shown. The value of these components is shown in relation to the value of fresh 
Tonalite (compiled and modified Dceda el al. (1998) and Kobayashi et al. (1998)).

properties. The composite log for the 
Nojima-Hirabayashi well is shown in Fig. 3. It was 
noted that at fracture zones including 
unconsolidated clay, the values of the p-wave 
velocity, resistivity and density sharply decrease to 
the value of 2~4 km/sec, 10~20 ohm-m and 1.5 
g/cm1, respectively.

STRESS MEASUREMENT
In-situ stress measurement by the hydraulic* 

fracturing method and a borehole televiewer 
survey, following techniques similar to those 
described by Dceda and Tsukahara (1989), were 
conducted within selected intervals by the 
geophysical logs (Dceda eL al., 1998). They were 
conducted in almost only granitic rocks in these 
boreholes. At most measurement points, we could

detect clearly the reopening pressure and shut-in 
pressure from the pressure-time records. Stresses 
for each site are plotted against the respective 
depths in Fig. 4. At the Nojima-Hirabayashi site, 
a reverse fault type stress state can explain the 
local stress state located around the Nojima fault 
scarp, but this state changes to a strike-slip type at 
a deeper depth. On the other hand, the Iwaya site 
is situated in a normal type stress state, and the 
Kabutoyama site shows a strike-slip fault type 
stress state. Another characteristic state of stress 
relating to various fault fracture zones is observed 
in the Nojima-Hirabayashi borehole, that is the 
state where the differential stress decreases 
considerably beneath the 1,140 m fracture zone.

The average fracture direction, that is the 
SHmax azimuth, is N49°W±15° for the
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Figure 3. Geophysical well logging results 
the Nojima-Hirabayashi borehole.

Nojima-Hirabayashi borehole, N45°W±10° for the 
Iwaya borehole, and N33°W±10° for the 
Kabutoyama borehole. It is very remarkable that 
this azimuth trending NW-SE is perpendicular to 
the Rokko-Awaji fault system, which includes the 
Nojima fault.

HEAT FLOW MEASUREMENT
Terrestrial heat flow at Hirabayashi was 

obtained based on the measurements of the thermal 
conductivity of the rock cores and the geothermal 
gradient from the temperature logging data in the 
borehole (Kitajima et al., 1998) . Figure 5 shows 
the relationship between the thermal conductivity* 
and bulk density of rocks, which are compared 
with data from 2,000 m class deep boreholes in the 
Kanto district, Japan, and from a 9,000 m hole of 
the German Continental Deep Drilling Program 
(KTB) . By using these data, the value of the 
terrestrial heat flow is calculated as 56.6 ± 5.2

( 10° W/m 1) at the 
Nojima-Hirabayashi site. The 
temperature corresponding to the 
cutoff depth of the aftershocks was 
also investigated using these data. As 
a result, the cutoff depth caused by 
the Hyogoken-Nanbu Earthquake 
roughly corresponds to 300 * C in 
temperature ( Kitajima et al., 1998) .

FAULT ROCK CORE ANALYSES
Characteristics of the 

deformation and alteration of the rock 
cores retrieved from the fracture zone 
of the Nojima-Hirabayashi well were 
examined ( Kobayashi et al., 1998) . 
To study in more detail the fractures 
and core deformation, and to analyze 
chemical components by using an 
X-ray defraction meter, X-ray 
fluorescent meter and SEM, the fault 
zone cores were all coated by 
synthetic resin and half-split Degrees 
of deformation and alteration were 
estimated based on the relative density 
of micro-fractures and on the relative 
disappearance of mafic minerals. Core 
pieces were classified into five types 
of fault rocks. Also, the asymmetric 

distribution pattern of the fault rocks in the 
fracture zones was clarified, and a precise 
observation and chemical analyses of the fault 
gouge were conducted as shown in Fig. 2.

DISCUSSION

Stress measurement results have revealed 
characteristic stress states in and around active 
faults. Absolute stress magnitudes are relatively 
small when compared with values measured in 
plutonic rock bodies such as those found in the 
Ashio focal area (Tsukahara et al., 1996) and the 
Cajon Pass close to the San Andreas fault (Zoback 
and Healy, 1992). Similarly, shear stress is also 
very small at each site. This must be interpreted in 
terms of the stress drop found around the area after 
the earthquake. The SHmax direction at the three 
sites was almost the same, being perpendicular to 
the surface trace of the faults, in a NW-SE 
direction. This tendency was also observed
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in the Nojima-Ogura borehole drilled by the 
university group (Tsukahaia et al., 1998). Our 
measurement results revealed that the magnitude of 
shear stress along the Rokko-Awaji fault system is 
at a very low level, which agrees well with the 
Cajon Pass case (Zoback and HeaJy, 1992). It has 
been confirmed that the shear stress in the 
immediate vicinity of the Nojima fault became a 
very low value just after the Hyogoken-Nanbu 
earthquake. Fault types estimated from the stress 
condition are very contrastive among the three 
sites. It seems that in order to become such a 
characteristic stress state, the area must be strongly 
controlled by the active fault's distributioa

In the Hirabayashi hole, the shear stress 
value just beneath the fault fracture zone decreases 
abruptly to a value approximately one-half that of 
the above fault zone. It is believed that the material 
properties in and around the fault zones caused a 
weakening of the fracture zone which resulted in a 
characterization of the state of stress. In the 
Nojima fault, the fault gauge is very weak and 
collapses easily, and the strength difference from 
the granitic bedrock is quite large.

Scientific drilling into active fault zones could 
provide valuable insights for understanding the 
dynamic phenomena at deep positions. The fault 
structure, physical and chemical properties of the 
materials,-and distribution of the fracture system 
are directly and continuously examined by 
geophysical logging in the borehole. The research 
conducted in the Nojima fault will be utilized to 
clarify the actual condition of various active faults 
which are found throughout the nation.
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OUTLINE OF THE NOJIMA FAULT DRILLING BY GSJ: 
STRCTURE, PHYSICAL PROPERTIES AND PERMEABILITY 
STRUCTURE FROM BOREHOLE MEASUREMENTS IN GSJ 
BOREHOLE CROSSING THE NOJEMA FAULT, JAPAN

Ito, H., Y. Kuwahara, T. Kiguchi, K. Fujimoto , T. Ohtani 
Geological Survey of Japan

ABSTRACT:
After the 1995 Hyogoken-nanbu earthquake, three major research groups (Geological Survey of Japan (GSJ), 
the National Research Institute for Earth Science and Disaster Prevention (NIED), and the University Group) 
drilled boreholes into the Nojima fault and conducted experiments in the borehole. GSJ drilled a 747 m deep 
borehole at Noj ima Hirabayashi penetrating the Noj ima fault to elucidate the fine structure of the fault just after 
the large slip. The drill site is 74.6 m apart from the surface break of the fault. Cores were recovered foralmost 
entire depth interval from 150 m to 746.6 m. The stratigraphy of the well is granodiorite from the surface. The 
fault zone is characterized by altered and deformed granodiorite from 426 m to 746.6 m, with fault gouge at 
623.3 m to 625.1 m. The fault zone has low resistivity, low density, low velocities (both P and S wave; more 
than 50% decrease at the fault gouge), high porosity, and high Vp/Vs. The borehole observations, such as 
FMI logging, also revealed fine structure of the Noj ima fault that corresponds to the changes in the degree of 
deformation within the fault zone, and the degree of deformation is more intense in the hanging wall side than 
in the footwall side ofthe Nojima fault. The width of the fault zone from the drilling result is consistent with 
that estimated from the surface trapped wave observations. This shows a good correlation between in-situ 
physical properties measured in boreholes with remote geophysical observations.

Permeability distribution in the fault zone were evaluated with very fine depth resolution from the tube 
wave analysis and Stoneley wave reflection, attenuation and slowness analysis. There are several permeable 
intervals in the fault zone, especially below the fault gouge. The fracture distribution and shear wave 
anisotropy show distinct changes within the fault zone.

Permeability ofthe Nojima fault just after the 1995 Kobe earthquake is estimated torn the borehole 
measurements. The borehole was drilled by the Geological Survey of Japan to penetrate the Nojima fault. The 
depth ofthe borehole is 746.5 m. The fault zone is characterized by altered and deformed granodiorite from 
426.1 m to 746.6 m, with coaxial zone of faultgouge at 623.3 m to 625.1 m. Permeability distribution in 
the fault zone was evaluated fom the Stoneley wave analysis and hydrophone VSP results, and core 
measurements. The permeability ofthe fault core is estimated as 30 darcy and the thickness ofthe high 
permeable zone is about 0.1 mfrorn the Stoneley wave analysis and hydrophone VSP results. 
We find a strong correlation between permeability and proximity to the fault zone shear axes. The 
permeability observations are consistent with fault zone models in which a highly localized core or shear zone 
is surrounded by a damage zone of fractured rock. In this case, the damage zone wi 11 act as a high-permeability 
conduit for vertical and horizontal flow in the plane of the fault. The clay core region, however, will impede 
fluid flow across the fault

INTRODUCTION
Afer the 1995 Hyogoken-nanbu (Kobe) earthquake 
(Ms = 7.2) on January 17, 10.5 km long 
distinguished surface breaks of the Nojima feu It in 
Awaji island appeared (Awata et ah, 1996). The 
Geological Survey Of japan drilled a 746.7 m deep 
borehole at Nojima-Hirabayashi, where the maximum 
surface slip at the 1995 Kobe earthquake was observed,

to penetrate the Nojima fault (Fig. I). The drill site is 
74.6 m apart fom the trace ofthe surface break. The 
drilling, coring and borehole logging were completed 
in March, 1996: one year afer the 1995 Kobe 
earthquake.

Cores were recovered for almost entire depth 
interval fom 150 m to 746.6 m. The stratigraphy of 
the well is granodiorite from surface. The fault zone is
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characterized by altered and deformed granodiorite from 
426.1 m to 746.7 m, with feult core of feult gouge at 
623.3 m to 625.1 m, feult gouge at 707.8 - 707.9 m, 
cataclasite at 525.5 - 525.7 m, 669.5 - 672.7 m (Itoet 
al., 1996, Tanaka et al., 1999, Ohtani et al., 1999).

We conducted conventional logging. The main 
shear zone observed by core inspection is characterized 
by low electrical resisitivity , low density and high 
porosi ty. They gradually decrease towards the depth of 
feult gouge of 623.3 m to 625.1 m. The feult gouge at 
623.3 m to 625.1 m has extremely low electrical 
resistivity of about several tens of ohm - m.

In addition to conventional logging, monopole and 
dipole sonic waveforms were acquired with a DSI* 
(Dipole Sonic Imager) tool. Micro-resistivity images 
were also acquired with an FMI* (Formation Micro 
Imager) tool. The location ofthe fault is clearly seen in 
the logs (Fig. 3). The zone below the feult appears to 
have been extensively broken up and became 
significantly porous and permeable.

Both P and S wave velocities were determ ined by 
the Schlumberger's DSI* (Dipole Shear Sonic Imager: 
'Trademark ofSculumberger) tool. Both the P and 
S velocities gradually decrease towards the depth of 
feult core of 623.3 m to 625.1 m, as in the case of 
electrical resistivity and density. P wave velocity 
drops fom 4 km/s (just above the feult gouge at 623.3 
m to 625.1 m) to 2.6 km/s. Becaus e the S wave signal 
is so weak that the S wave velocities were not 
determined for several depth intervals, including the 
feult core at 623.3 m to 625.1 m.

BHTV (ultrasonic borehole televiewer) and FMI 
logging clearly detected the feult gouge at 623.3 m to 
625.1 m. The strike and dip of the feult gouge zone by 
FMI is about 140 degrees and 80 degrees, respectively. 
These are in good agreement with the surfece strike of 
the Nojima feult and the dip estimated fom the angle 
between the surfece trace and the depth of the feult 
gouge.

PERMEABILITY STRUCTURE FROM SONIC 
MEASUREMENTS
Identification and evaluation of permeable facture 
system is of primary importance to better understand 
the physical properties of the fault Sonic measurements 
are sensitive to factures and can contribute in many 
ways to their evaluation. Stoneley wave reflections and 
attenuation analysis are commonly used techniques. 
They have the advantage of showing open permeable

factures. Permeability added Stoneley slowness is 
another usetil technique. It compares the measured 
Stoneley slowness to the elastic slowness obtained 
from a model without permeability. The difference, the 
permeability added slowness, is an indication of the 
mobility ofthe pore fluid in the formation. Sonic 
techniques include Stoneley wave reflections 
evaluation (Homby et al, 1989), and Stoneley 
attenuation (Brie et al, 1988). The advantage with 
Stoneley techniques is that they detect major open 
factures. Recently, Stoneley facture evaluation was 
improved through the use of Stoneley modeling which 
allows separation ofthe effect of borehole irregularities 
and I ithology changes from permeable fractures (Tezuka 
et al, 1997). Permeability added Stoneley slowness is 
another technique which has proven useful in 
identifying permeable zones. It is based on the 
difference between a Stoneley slowness computed from 
elastic theory, without the effect of permeability and the 
measured Stoneley slowness (W inkier et al, 1989). 
The difference is an indicator of permeability in the 
formation.

Sonic waveforms were acquired with the DSI 
(Dipole Sonic Imager) tool. This tool has one 
monopole transmitter whid? can be driven by a high 
frequency pulse at around 10 kHz to measure 
compressional and shear head waves, and by a low 
frequency source below 1 kHz to measure the Stoneley 
wave. The low frequency Stoneley wave, or tube wave, 
is sensitive to factures and formation pore fluid 
mobility, and cause Stoneley wave reflections (Homby 
et al., 1989), Stoneley attenuation (Brie et al., 1988) 
and Stoneley slowness increase (Winkler et al., 1989). 
Borehole discontinuities, and formation changes also 
cause attenuation and reflections ofthe Stoneley wave. 
To evaluate this effect a fast modeling technique was 
used (Tezuka et al., 1997). This technique uses the 
borehole size and the formation elastic properties fom 
the compressional and shear measurements to generate 
synthetic waveforms representative of the effect of 
borehole and formation changes without factures. 
These waveforms are then evaluated with the same 
process as the one used for real waveforms, and the 
results compared.

On a plot ofthe Stoneley waveforms (Fig. 3), we 
can clearly observe a time delay in the arrivals, 
associated with a reduction in amplitude caused by 
permeable zones. We also observe chevron patterns 
resulting fom reflections either fom open factures or 
from borehole irregularities. The down going feature of
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the chevron is caused by energy reflected from above the 
receivers, while the up going feature is energy reflected 
torn below the transmitter. In a simple case these 
features should be symmetrical; however when the 
formation below or above the reflector is very 
attenuative one of the features is substantially reduced. 
Also in intervals with multiple fractures, the reflection 
from one fracture can be attenuated by nearby fractures. 

Stoneley attenuation was evaluated with the 
Normalized Differential Energies (NDE) technique 
(Brie et al., 1988). The computation was made in the 
0 to 1.5 kHz fequency band. Small cyclic 
irregularities can be observed on the caliper log, 
which clearly affect the Stoneley propagation. To 
reduce this effect the direct wave was separated from 
the reflections before computation using a velocity 
filter. A borehole compensation was achieved by 
calculating the average of the receiver and transmitter 
mode results. Model waveforms were processed in the 
same fashion to estimate borehole effects. In Fig. 3, 
the attenuation due to borehole variations and 
lithology is shown in white. The additional 
attenuation due to fractures and permeability is shown 
in black. Because of the extraordinary values of the 
measurement near the fault, the model waveforms 
could not be calculated in the interval ofthe fault core.

Up and down going reflected fields can be 
separated from the total waveform with a velocity filter 
(Fig. 3). Both down and up going Stoneley reflections 
were evaluated in the 0 to 1.5 kHz fequency band, for 
the real and model waveforms. The result ing reflection 
coefficients are presented in Fig. 4. The results for the 
down going reflections are shown on the left side, and 
for the up going reflection on the right side. Again here 
the model reflection coefficient is coded white, while 
the added reflection coefficient caused by fractures are 
shown in dark gray.

The Stoneley slowness was evaluated from the 
low fequency monopole waveforms using the STC 
technique. The computation was performed in the 
frequency band 0.5 to 1.5 kHz. The results are ofvery 
good quality except right in font ofthe fault where the 
hole is very damaged, and the signal too small to be 
evaluated. We deady observe an increase in Stoneley 
slowness in some sections. This could be caused 
either by porous, permeable formation, or by the 
presence of open fractures.

In a non-permeable purely elastic formation, the 
Stoneley slowness is a function ofthe formation shear 
slowness and its density, the mud slowness and its

density, the borehole size, the Stoneley frequency. 
Let's call this slowness the elastic slowness or Se. 
Fluid movement in a permeable formation causes an 
increase in the Stoneley slowness S. The elastic 
slowness can be calculated and compared with the 
measured one. The difference S - Se is therefore 
indicative of permeability. S - Se is very large below 
the fault and significant in the interval above the fault 
(Fig. 4). In the fault zone, there are also several short 
intervals in which S - Se is very large: 667 m-674 m 
and 706 m-710 m. In these intervals, the Stoneley 
attenuation is large, but there is no Stoneley reflection 
from within the interval, but reflections are observed 
at the upper and lower boundaries, going away from 
the bed (up above, and down below). This is because 
the other side ofthe reflection pattern is very strong ly 
attenuated. These beds can be porous, permeable 
zones, or zones where the porosity is filled with sofi 
clay material.

In Fig. 4, S - Se is shown as a function ofthe 
distance from the fault core zone. The shaded area 
shows the fault zone caharacterized by alteration and 
deformation. The permeability indicator S - Se in the 
fault zone is larger than that outside ofthe fault zone, 
and it is larger in the foot wall than that in the hanging 
wall of the Nojima fault. The high S - Se zone is 
confined to several narrow zones which corresponds to 
cataclasite and gouge zones. As shown in Fig. 3 and 
Fig. 4, the Stoneley analysis has an advantage of 
obtaining continuous permeability structure with fine 
depth resolution.

PERMEABILITY ESTIMATES FROM 
HYDROPHONE VSP

We carried out a multi-offset hydrophone VSP 
experiment to detect subsurface permeable fractures and 
permeable zones and to estimate permeability of the 
Nojima Fault. Our analysis is based on a model that 
tube waves are generated when incident P-wave 
compresses the permeable fractures (or permeable 
zones) intersecting the borehole and a fluid in the 
fracture is injected into the borehole. Permeable fracture 
(or permeable zone) is detected at the depth of tube wave 
generation, and fracture permeability is calculated from 
amplitude ratio of tube wave to incident P-wave. We 
detected several tube wave generations from VSP 
sections. Distinct tube waves were generated at the 
depths of the fault zone which was characterized by 
altered and deformed granodiorite with a fault gouge.
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In order to evaluate permeability of the Nojima fault, 
we analyzed the amplitudes of the tube waves generated 
at the depths of feult gouges in the feult zone. To 
calculate permeability, we apply the model ofBeydoun 
et al. (1985) for the permeable fracture and that of Li et 
al. (1994) for the permeable zone. In the model of 
Beydoun et al. (1985), tube wave is generated at 
isolated permeable facture. In the model of Li et al. 
(1994), the source of tube wave generation corresponds 
to the permeable zone which has the width of the order 
of 10 cm to 1m. The main difference between two 
model is the oscillation of the width of facture or 
permeable zone by incident P-wave.

We can calculate the theoretical curves of tube wave 
to P-wave amplitude ratio (AT/AP) as a imction of 
frequency for several permeability values for each model. 
The feature of the two model is in the frequency 
dependence of the theoretical curves. For the facture 
model, the value of AT/AP decreases with frequency. 
Conversely, for the permeable zone model, amplitude 
ratio increases with frequency.

We show one example of estimating permeability 
in the feult core at 623.3 - 625.1m (Fig. 5). Judging 
from the frequency dependence of the amplitude ratio 
(Fig. 6), we applied the model by the permeable zone 
model. From this VSP data, it is difficult to determine 
the lower boundary depth of the permeable zone. So we 
apply other data for estimating the width of this 
permeable zone. One is tube wave attenuation in VSP 
section, another is Stoneley wave attenuation obtained 
from sonic logging.

The tube waves attenuate very strongly at 624m 
depth. The attenuation occurs within 1m of sensor 
spacing. We conclude that this attenuation of tube wave 
indicates this depth zone has a high permeable zone and 
the width of permeable zone is less than 1m (Kuwahara 
et al, 1999). Fig. 6 shows high permeable zone 
estimated from Stoneley wave attenuation. The width 
of high permeable zone is about 1m along the borehole 
at this feult gouge. From the analysis of tube wave 
attenuation and Stoneley wave attenuation, we assume 
that the true thickness of this permeable zone is 0.1 m, 
if we take into account that the angle between the 
borehole and the feult is about 84 degrees (Fig. 1) . 
With this permeable zone thickness, the permeability 
of this zone can be estimated as about 30 d (30 X10" 12 
m2).

DISCUSSION AND CONCLUSIONS

Permeability distribution in the feult zone was 
evaluated from Stoneley wave reflection, attenuation 
and slowness analysis and the tube wave analysis. 
Stoneley wave analysis shows permeability increase in 
the fault zone. Both the hydrophone VSP data and the 
Stoneley wave analysis show several permeable zones 
at gouges and cataclasite within the fault zone. The tube 
wave analysis at 624 m shows the permeability of the 
coaxial zone is estimated as 30 darcies.

We measured matrix permeability of core samples. 
We find a strong correlation between permeability and 
distance from the feult coaxial zone. The width of the 
high permeable zone (approximately 20 to 40m) is in 
good agreement with fiult zone width inferred from 
trapped wave analysis and borehole results. The fuilt 
coaxial zone contains clays with permeability of 
approximately 0.1 to 1 microdarcy at 50 Mpa confining 
pressure. Outside this zone, matrix permeability drops 
to sub-nanodarcy values.

Stoneley wave analysis has an advantage of obtaining 
continuous evaluation of permeability structure with 
fine depth resolution. However, it is difficult to 
estimate permeability values for the present case, 
because the theory is based on the Darcy' slaw, and it 
is not the case for the Nojima Suit. The combined 
analysis with the Stoneley wave and tube wave made it 
possible us to estimate permeability ofthe fault core of 
the Nojima feult. The permeability of 30 darcies(30X 
10" 12 m 2) is considered to be the highest limit, because 
the measurements was made only one year after the 
earthquake.

These permeability observations are consistent 
with feult zone model in which a highly localized 
permeable zone is surrounded by a damage zone of 
fractured rock. In this case, the damage zone will act as 
a high permeable conduit for vertical and horizontal 
flow in the plane of the fault. The clay gouge, however, 
will impede fluid flow across the fault.
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Fig. 5 VSP section around the fault core 
(623.3 - 625. 1 m). The upgoing tube wave 
is clearly shown at 624 m depth, whereas the 
downgoing tube wave is not observed.

Fig. 7 The comparison between theoretical 
curves and VSP data for the depth of 623 - 
624 m. The permeability is of this permeable 
zone is estimated as about 30 d.

Depth (m)
Upgoing tube wave

Fig. 6 The Stoneley attenuation around the 
fault core (623.3 - 625. 1 m). The high 
attenaution zone is confined to narrow zone 
of 1 m depth interval within the fault core 
zone of 623.3 - 625. 1 m.
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ABSTRACT
This paper presents results of petrographic 

and chemical characterization on a fault zone in the 

GSJ drill core penetrating the Nojima fault which was 

activated during the 1995 Hyogoken Nanbu Earth 

quake (M=7.2). Based on these data, we will discuss 

the dynamic behavior and role of each shear zone in a 

shallow fault zone of granitic origin during seismic 

cycles. The GSJ core consists of granodiorite and 

porphyritic intrusive rocks including seven shear 

zones, MSZ (main shear zone: 625 m depth), UCZ, 

USZ, LSZ-1, LSZ-2, LCZ-1 and LCZ-2. These shear 

zones are generally surrounded by less pulverized 

and less altered fault related rocks (WPAR). Micro 

scopic observation clarifies that centralized layers of 

MSZ are composed of fault gouges which had experi 

enced high velocity frictional movement with heat 

generation, fault breccia in LSZ -1 shows explosion 

brecciation texture with zeolite matrix, fault gouge in 

LSZ-2 shows well defined folia presented by clay 

particle alignments possibly formed by low velocity 

movement or creeping. LCZ-1 and LCZ-2 are older 

cataclasite zones formed prior to the intrusion of por 

phyry dikes.

Major and trace element chemical composi 

tion analysis clarifies that many of the elements are 

depleted (referred to as C type elements) from widely 

distributed WPAR. The C type elements are more 

concentrated in MSZ and less in other shear zones 
than WPAR suggesting the C type elements are the 

candidates for high field strength (HFS) elements. 

Results of constant mass isocon analysis using the

three most stable C type elements (TiO2 , P2O5 and Zr) 

indicate that mass loss occurred in the MSZ and mass 

gain occurred in the other shear zones. In centralized 

layer fault gouge in MSZ, graphite or organic carbon 

is anomalously concentrated, possibly indicating 

deoxidation of CO2 gas or carbonate minerals during 

frictional heating. These results lead to the following 

conclusions:

(1) All shear zones except the older cataclasite 

zones were evolved from the WPAR, indicating that 

pulverization and alteration of recent activity were 

more diffused at the initial stage of faulting and 

gradually localized to each shear zone undertaking a 

differentiation of function during seismic cycles.

(2) The MSZ shear zone can be regarded as a 

high velocity frictional zone with accompanying 

mass loss (compaction) and possibly with heat gen 

eration during co-seismic periods.

(3) The LSZ-1 shear zone, located just be 

neath the MSZ and typically showing explosion brec 

ciation texture with few carbonate minerals, could 

have a function of trap zone of fluid or gas. Little 

compaction and dilatancy are detected in this zone 

leaving some ambiguities for this interpretation.

(4) The LSZ-2 shear zone contains foliated 

fault gouge enriched with clay minerals and charac 

terized by a large degree of dilatancy, possibly under 

taken a role of slow velocity motion or creep during 
the interseismic and/or post- seismic periods.
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Introduction

At 5:46 AM, on the date of 

16th January, 1995, an M = 7.2 earth 

quake struck the southern part of 

Kobe city and northwestern part of 

Awaji island (Hyogoken-Nanbu 

earthquake). The epicenter was lo 

cated at the Akashi straight and the 

focal depth was reported to be 14 km. 

Surface rupture appeared more than 

10 km long along the preexisting NE- 

SW striking Nojima fault (Awata el 

al., 1996). Maximum displacement of 

surface .rupture was observed at 

Nojima-Hirabayasi located at the 

northern part as 180 cm right lateral 

and 130 cm reverse components 

(Awata et al. t 1996). On 6th Novem 

ber, the Geological Survey of Japan 

began a drilling project in order to ex 

plore the natural state of fault zone 

just after the big earthquake at 

Nojima Hirabayashi, and successfully penetrated the 

fault zone at drilling depth of 625 m and recovered 

the drill core containing almost entire fault zone 

rocks at 19th, January 1996 (Ito et al. t 1996). The 

drill core of Geological Survey of Japan (GSJ core) 

has a total length of about 600 m (152.24 to 746.60 m 

depth), including several oriented portions.

Fault rock distribution is one of the most im 

portant issues for understanding the dynamics of the 

fault zone and chemical reactions during seismic 

cycles (Tanaka and Itaya 1998). However, previous 

studies of the natural fault rocks in a brittle regime, 

from the seismogenic depth to the surface have been 

limited for following two reasons, (1) processing the 

brittle fault rocks have some difficulties since they 

are generally very soft and fragile, and (2) outcrop 

observation is limited because they are easily eroded 

and if present, they are usually modified mechani 

cally and chemically by weathering in a surface con 

dition.

The GSJ core contains not only fault rocks 

that experienced a big earthquake but also a succes 

sion from host rock to fault rocks all of which have

Harimanada Sea

I; i; «| Lite Pleistocene icidimenu

n Pliocene to Early Pleistocene
__ sediments (Osaka Group)

p^O Early lo Middlie Miocene
k&a icdimenu (Kobe Group)
\//\ Iwaya Granite

\flf\ Kakaribayama Granite
i__^^q
|___| Nojima Granodiorilc

Shizuki Tonalile 

Tsushigiwa Granite 

Intrusive body

Toshi

Nojima 
Hirabayashi

(GSJ & NIED Drilling Site

Fig.l Geological map along the Nojima surface 
rupture

never been weathered at surface condition. The Cajon 

Pass Project is well known as a fault related drilling 

project (Zoback et al., 1988). The main purpose of 

this project was to investigate the geothermal 

anomaly along the San Andreas Fault, and drilling 

was performed about 4 km northeast from the San 

Andreas Fault trace (Zoback and Lachenbruch, 

1992). Therefore the GSJ core is the first drill core 

containing the complete fault zone which preserves 

the condition just after the earthquake. Detailed de 

scription and examination of the fault rocks, includ 

ing distribution, characterization of deformation mi 

croscopic texture, almost in-situ fluid rock interaction 

should be recorded and these mechanisms should also 

be clarified for future development of fault rock re 

search. In this paper, we will describe the fault rock 

distribution based on numerous polished surface ob 

servations, results of microscopic observation of de 

formation and alteration textures, and the results of 

measurements for major and trace chemical elements.



These data will lead us to figure out the role of each 
shear zone in an active fault during seismic cycles at 

shallow depths in granitic crust.

Outline of geology along the Nojima surface rup 

ture and drill core

The Nojima fault is an 8 km long right-lateral 
active fault with minor reverse component (The re 
search group for active faults of Japan, 1991). This 
fault runs along the northwestern margin of Awaji Is 
land (Fig.l), trending northeast and dipping south- 
eastwards at a high angle (Mizuno et al. 1990). The 
fault juxtaposes Cretaceous granitic rocks (Nojima 
Granodiorite, 66 to 88 Ma; Takahashi 1992) partly 
overlain by Neogene and Quaternary sediments on 
the southeastern side with Neogene and Quaternary 
sediments on the northwestern side. The sediments 
on both sides belong to the middle Miocene Kobe 
Group and Plio-Pleistocene Osaka Group. These 
groups are composed mainly of sand and gravel beds 
intercalated with thin layers of mud (Mizuno et al., 
1990).

The surface rupture was generated basically 
along the Nojima fault but extended farther south 
west. Total length was estimated as 10 km (Awata et 
al, 1996) to 18 km (Lin and Uda 1996). The south 
western part of the surface rupture deviated from the 
Nojima fault to the west and extended into Neogene 
sediments (Awata et al., 1996).

The GSJ drilling site was located about 74.6 m 
southeast of the surface rupture of the Nojima fault 
near Nojima-Hirabayashi. The drilling was per 
formed down to 746.7 m in length along its direction 
with average inclination of about 84 degrees to the 
northwest, and succeeded in penetrating and recover 
ing the drill core containing the surface of Nojima 
fault at the drilling depth of 625 m. The dip of the 
Nojima fault is inferred to be 83 degrees from a spa 
tial relationship between the outcrop of surface rup 
ture and the depth of the fault surface in the drilling 
hole. The GSJ core consists mainly of Nojima grano- 
diorite accompanied by minor porphyry intrusions. 
The fault rocks (fault gouge, fault breccia and 
cataclasite) are distributed at an extent from 426 to 
746.7 m depth (Ito et al., 1996, Tanaka et a/., 1998).

Each shear zone in a fault zoneis relatively narrow 
and surrounded by less deformed and altered, and 

widely distributed fault related rocks. This type of 
fault rock is referred to as weakly - pulverized/altered 
rocks (WPAR) in this paper (Tanaka et al, 1998).

Fault rock distribution along the GSJ core

Analytical methods

Repeated failures during core processing led 
us to develop the method outlined in Fig.2. This is 
rather complicated but composed of seven steps 
mainly for two reasons, first is to avoid confusion 
during processing and second is to satisfy following 
three requirements. (1) Long term preservation for 
memorial of this earthquake, (2) the core volume nec 
essary for basic research (as is described in this pa 
per) should be minimum, and (3) maximum amount 
and volume of the core, which as much as preserves 
original conditions, should be remained for various 
research such as radiometric dating, thermal history 
analysis, permeability and strength measurements, 
and any other physical and chemical analysis requir 
ing large volume of cores, at the time of distribution.

Work flow of core processing

Stepl
Preservation of cores under constant temperature 

and humidity

Step 2 {
Entering the orientation reference linesonto the 

core pieces

Step 3
Preservation (bagging) of pulverized portions in the 

core boxes and entering the depth range onto the bags

Step 4
Fixing the surfaces of core pieces by resin

StepS

Numbering and measurement of depth range for 
each core piece

Step 6

Step?

Carving the core piece to AA, AS. and WH. 
and fixing the cut surfaces by resin

Dsftribution 1

I- AS WH
Analyses of chemical Texture observatoin Physical and chemical

composition and and long term measurements
crystal structure, and preservatoin requiring crushing or re-

OM observation coring core pieces

Fig. 2 Work flow of core processing
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This method was applied to the depth extent from 
553.39m to 718.20 m, where most of the core was 
composed of soft and fragile fault rocks.

Fig.3 shows the method of carving the core 
pieces into AH (Archive Half) and WH (Working 
Half) and further carving AH into AA (for Analyz 
ing) and AS (Slab for preservation). After carving, 
again fixing the carved surface by resin (Step 6). AA 
was utilized mainly by chemical composition and 
crystal structure analysis, AS for texture observations 
and non-destructive measurements/analysis (such as 
color analysis) and long term preservation after pol 
ishing the surfaces, and WH for various kinds of mea 
surements/observations and analysis (Step 7).

For understanding the whole trend of fault 
rock distribution in the GSJ core, surfaces of all drill 
core (154.24 to 746.60 m) were at first observed visu 
ally during a period between Steps 1 and 2 and pre 
pared a rough fault rock distribution map. Rock types 
in the drill core were categorized into the following 
six types: (1) granodiorite (host rock), (2) porphyry 
intrusions, (3) weakly pulverized/altered fault-related 
rocks (WPAR), (4) cataclasite, (5) fault breccia, and 
(6) fault gouge. Categories (3) - (6) correspond to the 
fault rock classification followed of Higgins (1971) 
and Sibson (1977) that was partly modified by 
Tanaka et a/.(1995). Detailed occurrence of each

Fig3 Carving method for core piece

rock type will be described in a later section. After 
completion of core processing, fault rock distribution 
was re-examined through observation of about 2000 
pieces of polished slabs (AS) in the depth extent from 
553.39 m to 718.20 m. The original fault-rock distri 
bution map was modified and prepared more detailed 
fault rock distribution map. About 120 thin sections 
were prepared throughout the core for observation of 
deformation / alteration microtextures.

Petrographic characteristics of host and fault 
rocks from the GSJ drill hole

/. Host rock (granodiorite)
The occurrence and texture of Nojima grano 

diorite was described by Mizuno et a/.,(1990) in de 
tail. Mesoscopic textural characteristics are as fol 
lows. Short, column-shaped hornblende crystals and 
thin crystals of biotite are scattered in larger quartz 
and feldspar crystals. Feldspars are milky white in 
color and quartz is relatively clear. Xenoliths of basic 
rocks, several cm in diameter, are occasionally in 
cluded. The xenoliths have a relatively dark color, 
possibly due to a greater abundance of mafic miner 
als. Biotite K-Ar ages were reported to be 81 Ma for 
this rock (Takahashi, 1992). In the drilled core, al 
though some feldspar grains are altered to an orange 
color, few other alteration and deformation features 
are observed on the polished surfaces.

Under the microscope, the host rock shows 
some intercrystalline cracks containing carbonate 
and zeolite minerals, although their density is quite 
low and they are usually very narrow. In these veins, 
coexisting euhedral zeolite and carbonate minerals 
are occasionally observed. Rare micro-shearzones 
contain matrix of crushed grains of the host grano 
diorite and carbonate micro-grains and clasts of 
quartz, feldspars, zeolites and carbonate minerals. In 
quartz grains, wavy and blocky extinction and healed 
intra-grain cracks are commonly observed. Feldspar 
grains are less deformed than quartz, but occasionally 
weak wavy extinction of the feldspars can be ob 
served. However, core portions of plagioclase crys 
tals are commonly altered to micrograins of carbon 
ate, zeolite and sericite. Some biotite grains are partly 
altered to chlorite along their cleavages. Carbonate
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minerals occasionally occur as microlenses or small 
columns along biotite cleavages. Kink bands are well 

developed in some grains of biotite at large angles to 
their cleavages. Hornblendes are well preserved but 
occasionally altered to carbonate minerals along their 

cleavages.

2. Host rock (Porphyry intrusive body)
Typical texture is that grayish gray colored 

phenocrysts are scattered in dark-green colored 
groundmass. Phenocrysts vary in color from milky 
white to light brown and grayish white vein appears 
with decreasing distance frrom the fault zone. Along 
the boundary between the porphyry and WPAR, 
veins in the WPAR cut the porphyry indicating por 
phyry was intruded before recent activity of the 
Nojima fault.

 Under the microscope, the groundmass is 
composed of plagioclase, quartz, hornblende and bi 
otite. Some of the plagioclase grains show the thin 
rectangle shape. Phenocrysts are dominated by pla 
gioclase accompanied by quartz, biotite and horn 
blende. Ratio between groundmass and phenocrysts 
is arbitrary at places. The cores of plagioclase phe 
nocrysts are commonly replaced by fine-grained car 
bonate and zeolite minerals especially at depths close 
to the fault zone. Very close to the fault zone, ground- 
mass of the porphyry is commonly altered to crypto- 
crystalline materials. Few mafic minerals are pre 
served in these porphyritic rocks. All of these tex 
tures are commonly cut by carbonate and zeolite 
veins.

3. Weakly pulverized and altered fault rocks (WPAR) 
This type of rock shows varying degrees of 

pulverization and alteration. General mesoscopic de 
scriptions of WPAR are as follows. Host rock texture 
is disturbed and mafic minerals are generally reduced 
both in size and amount due to pulverization and al 
teration. The mafic minerals are generally replaced 
by grayish green to grayish brown colored minerals. 
The cores of feldspar grains are altered and generally 
change their color into grayish white or light orange. 
The density of shear surfaces is low, and the shears 
are generally filled with grayish white, brown and 
greenish gray materials. The disappearance of mafic

minerals and alteration of feldspar grains are com 
mon along these shear surfaces.

Under the microscope, intragranular cracks 
are prominent in quartz grains and they are com 
monly filled with carbonate (calcite and mafic car 
bonates) and zeolite (laumontite and stilbite) miner 
als. Intragranular cracks are less common in feldspar 
grains, but the filling materials are similar to those in 
quartz. Intergranular cracks are also prominent fea 
tures. They are filled with the same minerals as the 
intragranular cracks, but contain relatively large, 
euhedral carbonate and zeolite crystals. Close rela 
tionship between carbonate and zeolite minerals are 
typical in the WPAR especially above the 625 m fault 
surface. Microscopic evidence, including crosscut- 
ting relationships among veins containing these min 
erals, indicate that they are precipitated almost at the 
same time. Micro-shear surfaces are abundant and 
commonly contain clasts of crushed igneous and car 
bonate minerals and a matrix of fine grained quartz, 
feldspar, carbonate and zeolite minerals. They com 
monly show a random fabric texture.

The cores of many feldspar grains are re 
placed by fine grained mafic carbonate and zeolite 
minerals. Comparison of alteration of feldspar grains 
on polished surfaces with those in thin sections clari 
fies that the the brown or orange colored feldspar on 
the polished surfaces corresponds to substitution by 
mafic carbonate minerals and grayish white colored 
feldspar corresponds to substitution by zeolite miner 
als. Biotite grains are less abundant and smaller in 
size than those in host rocks, mainly due to pulveriza 
tion and alteration. Mafic carbonate minerals show 
ing a spindle shape or forming irregular aggregates 
are deposited between cleavages of biotite grains. 
Some biotite grains show complete pseudomorphic 
replacement by these carbonates. Other examples of 
deformation and alteration of biotite include (1) exfo 
liation brecciation along cleavages to fine grained 
crystals which are commonly incorporated into shear 
surfaces and cracks and (2) kink bands which bend 
the intra-cleavage carbonate and zeolite minerals. 
Hornblende crystals also show complete pseudomor 
phic replacement by cryptocrystalline dark materials.

These characteristics of pulverization and al 
teration, including density of intra- and inter-granular
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cracks, micro-shear zones, degree of alteration of 
feldsper grains and mafic minerals are more intense 
with decreasing distance from the 625 m depth of 
Nojima fault zone. WPAR gradually changes to fault 
breccia at around 613.6 m depth.

In the hanging wall, crack filling minerals are 
characterized by the co-existence of carbonate with 
smaller amount of zeolite minerals. Hydraulic frac 
turing texture is not a common feature. Small num 
bers of their examples show that the crack filling 
minerals of hydraulic fracturing texture is composed 
of carbonate minerals. The similar textures can be ob 
served in the footwall of the fault zone below 680 m 
depth.

However, the texture of WPAR is quite 
unique at the depths between 625 m and 656 m. The 
mesoscopic color of the WPAR in this extent is gen 
erally grayish white and occasionally mafic minerals 
or their alteration products are arranged parallel to the 
micro-shear zones. Under the microscope, zeolite is a 
typical mineral filling in intra- and inter-crystalline 
cracks. Few carbonate filled cracks are observed. 
Broken textures with blocky clasts and zeolite matrix 
are well observed, which is considered as evidence of 
hydraulic brecciation. Quartz grains are equant with 
little wavy extinction. Feldspar is commonly substi 
tuted by dominant zeolites. In biotite grains, small, 
lens-shaped mafic carbonate minerals are deposited 
between the cleavages. Some biotite grains are 
disagregated along their cleavages and release oval 
grains of carbonates into the comminuted matrix 
along the shear surfaces. Kink bands are less com 
mon than those in WPAR in the hanging wall. In 
stead, cleavages of biotite show an undulating form, 
indicating more hydration than hanging wall. Alter 
ation of hornblende is similar to that in the hanging 
wall WPAR.

4. Fault breccia
Feldspar grains generally change in color to 

light brown or light orange and are greatly reduced in 
abundance. Few mafic minerals are remained in tex 
ture. Anastomosing development of micro shear 
zones more than 5 mm thick is commonly observed. 
They contain crushed fragments of host rock miner 
als surrounded by a matrix of brown-colored alter

ation products. The mean size of the clasts is 3 mm, 
and the maximum is more than 50 mm. Some clasts 
are rounded in shape, possibly due to wearing and/or 
dissolution. The texture of the host rock or WPAR is 
occasionally preserved in the larger clasts. The fault 
breccia basically shows a random fabric but a foliated 
texture is observed where the fault breccia adjoins 
other types of fault rock, such as fault gouge and 
WPAR. Fault breccia is more intensely pulverized 
and altered with decreasing distance from the 625 m 
fault surface.

Under the microscope, host rock texture is no 
longer observed, and the typical texture is one in 
which larger clasts are surrounded by a finer-grained 
matrix, especially those in the hanging wall. The ma 
trix is composed of fine-grained, crushed crystals of 
quartz and feldspars, mafic carbonate minerals and 
reddish-brown materials. Clasts include quartz, ag 
gregates of healed quartz and feldspars, and carbon 
ate minerals. Feldspar grains are heavily altered to 
carbonate minerals. Biotite grains are greatly reduced 
in their size and amount. Hornblendes and their 
pseudomorphic crystals are no longer observed. Fo 
liation is recognized where reddish-brown materials, 
possibly iron hydroxide minerals, are concentrated, 
although random fabric is dominant texture. The fo 
liations is cut by veins containing reddish-brown ma 
terials and mafic carbonate minerals.

Fault breccia occurred in lower shear zone in 
the footwall (711.7 m, Fig. 4) also shows a "clasts 
supported by matrix" texture. However, the matrix is 
composed of fine grained, crushed crystals of quartz 
and feldspar, and zeolites, and the clasts are com 
posed predominantly of grains of quartz and feldspar 
derived from host rocks. The clasts have a subangu- 
lar, blocky shape, suggesting that they were formed 
by hydraulic brecciation. Few carbonate minerals are 
observed.

5. Cataclasite
Cataclasite is characterized by intense brec 

ciation and minor alteration. Feldspar grains change 
their color to grayish white or light orange. Mafic 
minerals are not reduced in amount but reduced in 
size by brecciation. Veins are generally poorly devel 
oped.
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Under the microscope, the host rock texture is 
almost completely obliterated by brecciation. The 
typical texture is a random fabric even if a foliation 
can be recognized at mesoscopic scale. Both clasts 
and matrix are composed of crushed grains derived 
from the host rock. Mafic minerals are well pre 
served. Kink bands are not observed in biotite grains, 
which, instead, are brecciated, reduced in size, and 
scattered in the matrix. Few mineral filling cracks are 
present. Microscopic observation of the contact be 
tween the cataclasite and the porphyry intrusion re 
veals that crushed grains in the cataclasite are incor 
porated into the intrusive rock with heavy alteration, 
indicating that cataclasite are formed prior to the in 
trusion of porphyry. Zeolite and carbonate veins are 
well developed in cataclasite close to the boundary 
with the WPAR. Feldspar grains are altered and horn 
blende crystals are generally obliterated close to the 
boundary with the WPAR, indicating that cataclasite 

had been formed prior to the WPAR.

6. Fault gouge (light brown/greenish brown)
Host rock texture and host rock derived min 

erals including feldsper and mafic minerals are com 
pletely obliterated. Instead, this type of fault gouge is 
composed of very fine grained materials showing 
various colors such as dark gray, grayish brown.light 
grayish green and dark green. Small amounts of fine 
grained and rounded clasts are scattered in the vari 
ably colored matrix. This type of fault gouge gradu 
ally developed by overprinting the fault breccia. 
However, in some cases, direct contacts with other 
types of fault rocks bounded by shear surfaces are ob 
served. Foliations are commonly recognized by color 
banding of these materials.

Under the microscope, this fault gouge shows 
typical "clasts supported by matrix" texture. The ma 
trix is composed of very fine grained crystals of 
quartz, zeolites, carbonates, iron hydroxides and mi 
nor amounts of clay minerals. The clasts are com 
posed of crushed quartz, aggregates preserving an in 
herited texture of hydraulic explosion, carbonate 
minerals and zeolites. The clasts are finer and more 
rounded in shape than those in fault breccia. Feld 
spars are hardly recognized but a small number of 
relict crystals, although they are generally replaced

by carbonate minerals. Mafic minerals are no longer 
observed even under high magnifications (x 1000). 
Random fabric is a common texture and foliations 
recognized at mesoscopic scales are basically the pla 
nar boundary between coarser- and finer-grained 
zones. Dark reddish-brown, irregularly shaped mate 
rials, possibly iron hydroxide minerals, are precipi 
tated in the coarser-grained part, resulting in the for 
mation of color banding in the fault gouge. The dark 
reddish-brown materials occur in veins in some parts 
of the coarse gouge and as matrix and in thin foliated 
shear zones in other parts. These textures are over 
printed by veins containing dark reddish brown mate 
rials and mafic carbonate minerals. These compli 
cated textures indicate that micro foliations are 
formed at the same time or after the precipitation of 
the dark reddish colored materials.

These textures are overprinted by a hydraulic 
explosion brecciation texture in some places. The 
matrix of this breccia is composed of very fine 
grained, mafic carbonate minerals, and the clasts are 
composed of brecciated grains of this type of gouge 
itself. Even in the case that clasts are fine grain size, 
reconstruction of original grain by a method similar 
to puzzling can be possible since, in most case, neigh 
boring grains has similar shape of grain boundaries. 
This texture indicates that dilatancy occurred at the 
time of brecciation. These foliation and dilatant tex 
tures cannot be observed in the finer grained gouge.

7. Fault gouge (dark gray)
This type of fault gouge is found only in the 

central layer of the Nojima fault zone. This occur 
rence of dark gray gouge is unique in the GSJ core. 
Few fragments are observed in the gouge. Thin, black 
colored materials are intercalated parallel to each 
other. Foliation is recognized by dark gray/black 
color banding. The foliation is cut at a large angle by 
micro shear surfaces. Observation at the boundary 
between the light brown and dark gray gouges indi 
cate that both the foliation developed in the dark gray 
gouge and the shear surfaces cutting this foliation, are 
cut by the boundary shear surfaces between these two 
gouges. The foliation developed in the light brown 
gouge is almost parallel to the boundary, while that in 
the dark gray gouge is slightly diagonal to the bound-
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ary, indicating that the dark gray gouge was gener 
ated prior to the light brown gouge.

Under the microscope, the fundamental tex 
ture is "clasts supported by matrix". The matrix is 
composed mostly of cryptocrystalline materials, with 
very fine grained quartz and minor amounts of very 
fine grained carbonates scattered in it. Clasts are 
smaller and much less abundant than those contained 
in the light-brown fault gouge. One of the most 
prominent feature of this gouge is that dark brown 
opaque materials develop as thin layers in some 
places. Wavy foliations with similar patterns to the 
trajectory lines generated by turbulence are preserved 
in these thin layers. The layered texture of dark 
brown and cryptocrystalline materials are in some 
places brecciated and in other places present in clasts, 
indicating that the deformation occurred more than 
once. Dark reddish-brown materials, which are con 
centrated in the light-brown gouge, are not contained 
in the dark gray gouge. As a whole, although this type 
of fault gouge seems to show a random fabric texture 
except the layered portion of opaque materials, the 
very fine-grained or cryptocrystalline nature of the 
gouge prevents definitive discrimination of random 
fabric from foliated texture. These textures are cut by 
thin and anastomosing shear surfaces containing clay 
minerals and also by relatively thick veins containing 
mafic carbonate minerals. In some parts, these shear 
surfaces become a matrix of hydraulic brecciation 
texture and include angular clasts of this type of fault 
gouge. Shear surfaces which develop at large angles 
to the foliation described above cut the whole struc 
ture of the gouge.

8. Fault gouge (greenish gray)
This type of gouge appears near the bottom of 

the GSJ bore hole. It is characterized especially by 
dilatant nature of the core. In other words, diameter 
of the core is larger in this part than that in other part. 
Shear surfaces and cracks are less developed than 
other types of fault gouges at the mesoscopic scale. 
Cracks occasionally contain reddish brown materials 
similar to those contained in the light-brown fault 
gouge. The host rock minerals are mostly altered to 
clays and other secondary minerals.

Under the microscope, the basic texture of

heavily deformed part of this fault gouge is "clasts 
supported by matrix" and host rock structure is com 
pletely obliterated. The matrix is composed of quartz, 
clay minerals, zeolites and minor amounts of carbon 
ate minerals. Clasts consist of crushed grains of 
quartz, carbonates and zeolites. Clay minerals are 
generally oriented and form distinct foliations. Rota 
tion textures such as asymmetric pressure shadows 
can be seen around the clasts contained in these clay 
layers. These textures are cut by veins containing 
euhedral zeolites and carbonate minerals. The dila 
tant nature and greenish gray color observed in the 
core at mesoscopic scale seem to result from crystal 
characteristics of these clay minerals.

Distribution of shear zones and fault rocks in the 
GSJ core

At the mesoscopic scale of observation, fault- 
related pulverization and alteration gradually in 
crease in the GSJ core from the drilling depth of 426 
m, just beneath the porphyry dikes, to the bottom of 
the drill hole. Fresh host rocks are present at shal 
lower depths and consist of Nojima granodiorite and 
porphyry dikes. The host rocks also contain shear 
zones, but these zones are relatively thin, consoli 
dated and isolated compared to those at the depths 
greater than 426 m. For these reasons, the extent from 
the depth of 426 m to the bottom of the core (747 m) 
is treated as the Nojima fault zone in this paper. How 
ever, because pulverization and alteration are ob 
served even at the bottom of the core, the fault zone 
may extend to greater depths. In the Nojima fault 
zone, several shear zones with contrasting character 
istics are present, as described above, and they are 
rather concentrated in the depth range from 489.57 to 
746.70 m (Fig. 4). Thus, the detailed fault rock distri 
bution is examined in this extent for further analysis.

The Nojima fault zone contains seven major 
shear zones, from shallower to deeper, they are: 
UCZ, USZ, MSZ, LSZ-1, LCZ-1, LCZ-2 and LSZ-2. 
Each shear zone is surrounded by WPAR. MSZ is re 
garded as the central zone of the Nojima fault for the 
following reasons. (1) The MSZ is one of the thickest 
shear zones and the only one with a thick fault breccia 
zone. (2) Density, porosity, elastic wave velocity and
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other physical data show a distinct change or anoma 

lies especially in this zone (Ito et al., 19%). (3) Com 
paction or mass loss and possible evidence for heat 
generation have been detected in this zone by means 
of chemical measurements, as described later. These 
data suggest that the MSZ contains fault surfaces ac 
tivated by earthquakes including the 1995 Hyogoken- 
Nanbu earthquake. Thus, we propose in this paper 
that the fault surface appeared at the bottom of the 
fault gouge zone in MSZ (625.27 m) as a Nojima 
fault surface. However, we cannot unambiguously 
determine that this surface is the main surface acti 
vated by the 1995 earthquake, because of the lack of 
clear evidence.

A regular arrangement of fault rocks is recog 

nized in the hanging wall directly above the MSZ, 
downwards from host rock, WPAR through fault 
breccia and finally into fault gouge. Meanwhile, in 
the footwall, each shear zone has unique characteris 
tics and is surrounded by WPAR. The Nojima fault 
zone in the hanging wall includes a shear zone char 
acterized by explosion brecciation (LSZ-1), two 
cataclasite zones (LCZ-1 and LCZ-2) and a dilatant 
and oriented-clay dominated shear zone (LSZ-2). 
These facts suggest that (1) the hanging wall above 
the MSZ can be treated as a shear zone of the MSZ, 
and (2) the role of each shear zone in the footwall is 
distinctive.

A number of additional thin shear zones con 
taining fault gouge and cataclasite are also recog 
nized in the Nojima fault zone. Four relatively thick 
shear zones are recognized. Although they may be re 
garded as nucleations of shear localization, further 
examinations, including microtextural observations, 
chemical measurements, and comparison of the re 
sults between these and physical logging data are 
necessary for clarifying this question.

Chemical composition analysis

Methods
Powder samples were prepared from through 

out the GSJ core in order to obtain the major and trace 
element compositions by whole rock X-Ray Fluores 
cence methods (XRF). Spot samples were obtained 
from the extent of host rock distribution (above 426
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m depth). In the extent from 492 m to the bottom of 
the core (746.7 m), in which several shear zones are 
concentrated, samples were prepared at 50 cm inter 
vals, and 80 samples were selected at average inter 
vals of about 3 m and total 94 samples were analyzed. 
Many more samples are still waiting in a line to than 
we have analysed. Major elements are measured by 
fused glass bead method by using GSJ standard 
chemical composition materials and presented as ox 
ide forms. Trace elements are quantified by direct 
press method. The volatile components are measured 
by gravity methods, samples were heated at 110°C for 
3 hours and measuring the reduced weight.They are 

presented as H2O* .Loss of weight after ignition at 

1000-C for 3 hours was also measured and presented
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as LOI. The weight ratio of major elements, HjO - and 
LOI were combined and normalized to 100%. CHN 
measurements were also performed to quantify the 
volatile components. Only C is presented as CO2 wt% 
in this paper, since the abundant contents of C allow 
more acurate quantification than H and N.

These data are analyzed by the following 
methods. (1) Results from four fresh host rock 
samples are averaged and treated as the initial chemi 
cal components of fault rocks of granodiorite origin. 
Major and trace chemical compositions of all 
samples are normalized by host rock standard com 
positions, and the modes of chemical element distri 
bution are examined by comparing with the fault rock 
distribution. (2) Diagrams of normalized values of 
loss of ignition versus each element are prepared and 
behavior of chemical elements are analyzed with re 
spect to the fluids in the fault zone. (3) Isocon dia 
grams are prepared for typical fault rocks and mass 
loss/gain are estimated for each shear zone.

Results
I. Comparison between normalized chemical ele 
ments and fault rock distribution

Results are shown graphically in Fig. 5. Two 
distinct trends were found.

(a) Behavior of chemical elements are classi 
fied basically into two types, one is depleted in the 
WPAR and increased in the MSZ (This type is re 
ferred to as C type elements in this paper), and an 
other is increased in the WPAR and depleted in the 
MSZ (D type elements). C type elements are SiOr 
KjO and NajO for major elements and Rb, Th and Pb 
for trace elements. D type elements are TiO2, A12O3 , 

Fe2Ov MnO, MgO, CaO and P2O5 for major elements 
and Ba, Nb, Zr, Y, Sr, Cu, Co, Cr, V and Sc for trace 
elements. Degree of increase/decrease in both C and 
D type elements is larger in the WPAR in the hanging 
wall than in the footwall. Ce and La seem to behave 
as an intermediate between these two types, that is, 
they are slightly increased in the WPAR and also 
slightly increased in the MSZ. These trends also indi 
cate that the MSZ is the central zone for chemical be 
havior of the Nojima fault.

(b) Volatile contents are two to four times in 
creased even in the most upper portion of WPAR

(465 m depth) and finally attained to almost 10 times 
in the MSZ compared to the standard host rock. This 
indicates that marginal part of the fault zone can be 
defined as fluid increase zone since other major and 
trace elements start to change their contents at the 

UCZ shear zone at around 500 m depth.
The chemical trends of each shear zone are as 

follows.
(c) Most of the C and D type elements start 

change their contents at the depth of the UCZ shear 
zone except Y.

(d) Little change in chemical compositions is 
observed in the USZ shear zone, compared to the sur 
rounding WPAR.

(e) In the MSZ shear zone, both C and D type 
elements are gradually increased/decreased to the 
central layers of fault gouge in the hanging wall. 
They are suddenly decreased/increased to the similar 
level with hanging wall WPAR at the just beneath the 
MSZ. CO2 + HjO contents measured by the CHN 
method are well concordant with those measured by 
XRF method, except for the 99-1 sample which is 
part of the dark gray gouge in the MSZ shear zone. 
The contents measured by CHN method for this 
sample are much larger value than those measured by 
the XRF method (H2O + LOI). Therefore, this 
sample was treated in acidic solution to dissolve the 
carbonate minerals, and the H2O + CO2 contents 
remeasured by the CHN method. C contents are 5.03 
wt% before acidic treatment and 4.04 wt% after this 
treatment, indicating 0.99 wt% of C (3.63 wt% of 
CO2) was incorporated in the carbonate minerals. 
This results indicate that the remaining 4.04 wt% of C 
should be regarded as organic carbon or graphite.

(0 In the LSZ-1 shear zone, CaO, CO2, Y and 
Cu contents are twice as high as those of the sur 
rounding WPAR. This trend suggests that the LSZ-1 
shear zone is dominated by carbonate minerals.

(g) C type elements seem to be slightly de 
pleted in the two cataclasite zones in the footwall 
(LCZ-1 and LCZ-2) but they show relatively similar 
values to the host rocks.

(h) C type elements are generally depleted and 
D type elements are increased in the LSZ-2 shear 
zones compared to those of surrounding WPAR.
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chemical composition

2. Results from examinations of LOI vs each chemi 
cal elements

Results of volatile components (H2O\ LOI 
and CO2 in Fig.5) analysis show that they are genrally 
more contained than host rocks (normalized value, 
>1.0) and their distribution patterns are different from 
those of C and D type elements. Thus LOI is selected 
to represent the volatile components and examined 
the relationship between LOI values and major and 
trace chemical components (Figs.7,8). Ideally the 
host rock chemical component is indicated by (1.0, 
1.0) in this diagram. The diagrams show two charac 
teristic relationships that one is start from around 
(1.0, 1.0) and contents increases and attains to maxi 
mum at 2.5 to 4.0 of normalized LOI values followed 
by decrease the contents to around (1.0,1.0) at the 6.0 
to 7.0 of LOI, and another shows completely reverse 
trend but minimum values are also corresponds to 2.5 
to 4.0 of LOI values. The former is referred to as con 
vex type and the latter a concave type. The convex 
type elements are SiO2, KjO, Nap, Rb, Th, Pb, Ce 
and La and others belong to concave type. Most of 
the convex type elements correspond to D type ele

ments and the concave types to C type elements. 
Therefore, the maximum/minimum values for con 
vex / concave type elements implies the change in 
mode from precipitation to depletion or vice versa at 
these points in WPAR.

3. Results from examinations of isocon diagram
Mass loss/gain are estimated by chemical ele 

ments isocon method which has been applied to other 
shear zones (Evans and Chester 1995, Goddard and 
Evans 1995). Several high field strength elements 
(HFS elements) including TiO2, MgO, MnO, P2O5 , Zr 
and Y, have been proposed to be immobile even un 
der the intense pulverization and alteration conditions 
(Evans and Chester 1995, Goddard and Evans 1995). 
Among these, TiO2 may be one of the most immoble 
elements. The most intense pulverization and alter 
ation are observed in MSZ shear zone. Thus, the C 
type elements are candidates for HFS elements as 
well as TiO2 . From the examinations described be 
low, TiO2, P2O5 and Zr constitute a rather straight 
line. Other HFS elements are somewhat arbitrary. 
Thus we define a isocon line by using these three 
HFS elements and referred to as PTZ isocon in this 
paper. V and Nb are also the candidate for stable HFS
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elements. However, more data are necessary for us 
ing these as HFS elements.

First, concentrations of chemical elements of 
three WPAR, just above the MSZ (average of 4 
samples), LSZ-1 (average of 3 samples) and LSZ-2 
(averages from 3 samples), are compared to those of 
host rock samples, since it is clear that these WPAR 
have evolved from the host rock. Figure 9 shows that 
PTZ isocon of the WPAR are all less than 1, indicat 
ing the mass gain (mass ratio = I/ inclination of the 
isocon line) occurred generally in the WPAR. Among 
these diagram, largest mass gain is recognized in the 
WPAR samples just above the MSZ shear zone, and 
intermediate gain in those just above LSZ-1 and 
smallest gain in those just above LSZ-2, indicating 
that mass gain is largest in the hanging wall of MSZ 
and lesser degree to the depth in the hanging wall.

From chemical trend - fault rock distribution 
diagram and from microtexture observations, three 
shear zones (MSZ, LSZ-1 and LSZ-2) have evolved 
from surrounding WPAR and cataclasite zone (LCZ - 
2) have evolved from host rock. The deficit of chemi 
cal data prevent us from examining other shear zones. 
Thus isocon diagrams are examined on WPAR vs

MSZ, LSZ-1 and LSZ-2 and host rock vs LCZ-2. The 
results of these examinations are as follows (Figs. 10 
and 11). Four results from MSZ shear zone samples 
(Fig. 10) indicate mass loss occurred in this shear 
zone and the amount of mass loss increases with 
depth from the fault breccia (inclination of isocon = 
1.15) to the light brown gouge (2.86) and then de 
creases in dark gray gouge (2.00). Three results from 
LSZ-2 shear zone samples indicate simmilar amounts 
of mass gain occurred. Every HFS elements seems to 
be rather on a straight line. One result from LSZ-1 
shear zone sample shows slight mass gain occurred in 
this shear zone compared to the surrounding WPAR. 
However, Y and MnO are very different from the 
trend of other HFS elements.

In the case that density of fault rocks in each 
shear zone are constant, volume loss/gain can be esti 
mated by using the value of I/inclination of PTZ 
mass isocon line. However lack of information of 
density of fault rocks prevent us to analyze this issue 
in detail. Reasonable estimates of density of fault 
rocks is 2500 kg / m} for fault gouge and fault brec 
cia, which coincides with the density of a kind of clay 
minerals, WPAR for 2700 kg/m3 and host rock and 
cataclasites for 3000 kg/hi'. These densities suggests 
that volume gain occurs in WPAR compared to host
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Fig.8 Relationship between normalized LOI and minor elements
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rock, volume loss occurs in MSZ shear zone com 
pared to surrounding WPAR, volume gain occurs in 
LCZ-2 compared to the host rock. Almost no volume 
change occurred in LSZ-1 compared to the surround 
ing WPAR. Volume gain occurs in LSZ-2. Clearly 
volume gain implies dilatancy and volume loss im 
plies compaction. Thus the MSZ-1 is the only zone 
showing compaction and other shear zones are re 
garded as dilatant shear zone except the LSZ-1 shear 
zone.

Discussion

Implications of maximum and minimum points in LOI 

  chemical elements diagram
From the LOI - chemical elements examina 

tion, turning points of depletion/concentration of the

most of the D and C type elements, presented as a 
maximum/minimum points in the Figs.7 and 8, exist 
within WPAR (normalized LOI values: 1 to 4), indi 
cating that turning points of depletion/concentration 
of chemical elements do not coincide with the fault 
rock boundary. We interpret the values for maxi 
mum/minimum points of the curve in the Figs.7 and 8 
imply the chemical potential for resistance to alter 
ation and possibly to pulverization. In fact, TiO2, 
P2O5 and Zr, which are selected as immobile HFS el 
ements, have values larger than 3.5. In reported HFS 
elements, MnO and MgO are 2.92 and 3.02 respec 
tively, suggesting that they are less immobile com 
pared to the above elements. However, Y has a large 
value (3.83) but regarded as relatively unstable at the 
isocon diagram examination. One of the possible ex 
planations for this is that Y may migrate together 
with Ca and/or CO2 , which can be seen in the chemi 
cal composition data in LSZ-1 shear zone (Figs. 5 and 
6). From this view point, although the P2O5 and TiO2 
and Zr are empirically determined to be immobile un 
der the intense condition, this method is worthwhile 
to be tested in other fault zones.

Characterization of each shear zone in the Nojima 
fault

Seven major shear zones are distinguished in 
the GSJ core penetrating the Nojima fault. They are 
UCZ, USZ, MSZ, LSZ-1, LCZ-1, LCZ-2 and LSZ-2. 
Among them the UCZ, USZ, LCZ-1 are less well 
characterized mainly due to the lack of microstruc- 
tural (UCZ) and chemical data (USZ-1 and LCZ-1). 
Clearly, further work is necessary for characterizing 
these and other smaller shear zones, since they may 
have information of nuciation of shear zone. All data 
including detailed results of fault rock distribution, 
microtexture examination and results of chemical 
composition measurements are available for MSZ, 
LSZ-1, LCZ-2 and LSZ-2. However, the LCZ-2 had 
clearly been formed prior to the recent activity, as 
evidenced by overprinting relationship between por 
phyry intrusive dikes and the cataclasite. Although 
this zone should have some implications for the evo 
lution of the Nojima fault, we eliminate this 
cataclasite zone from the present discussion in order 
to concentrate on clarifying the mechanisms of seis-
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mic faulting at shallow depths in granitic crust.

Fault rock distribution analysis clarifies that 

the MSZ is the most prominent and thickest shear 

zone in the Nojima fault zone and contains fault brec 

cia and two kinds of fault gouge, each showing light 

brown and dark gray fault color. The light brown 

gouge overprints the fault breccia which further over 

prints the WPAR, indicating gradual shear localiza 

tion had occurred in the MSZ. The light brown gouge 

also overprints the dark gray gouge, which indicate 

that the light brown gouge is the newest fault gouge 

in the MSZ and may have been activated during the 

1995 Hyogoken-Nanbu earthquake. Microstructural 

observation reveals that (1) foliations are rarely ob

served in this shear zone, except in thin and minor 

layers filled with reddish brown materials developed 

in fault breccia and light brown fault gouge. In other 

words, the most dominant texture is random fabric. 

(2) The wavy shape foliation, which is similar to the 

trajectory lines of turbulence composed of dark 

brown materials, occurred in the dark fault gouge. In 

these two zones, prominent compaction process pos 

sibly caused by mechanical wear and dissolution is 

suggested by constant mass isocon analysis.These 

observations and considerations lead us to conclude 

that the MSZ shear zone formed by high velocity 

motion of the fault. Both chemical composition and 

CRN measurements indicate that the dark brown ma 

terials contained in dark gray gouge are organic car 

bon or graphite. As it is clear that these fault rocks
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had been derived from granodiorite, some difficulties 
arise about their origin if these materials are organic 
carbon. Thus, we treat these materials as graphite in 
this paper. If so, the only possible origin of graphite 
could be the carbonate minerals or CO2 gas, suggest 
ing that deoxidation occurred in this gouge, possibly 
caused by frictional heating during the co-seismic pe 
riod. Although this is not a concrete conclusion, it 
support the hypothesis that the MSZ is a high-veloc 
ity, and localized co-seismic shear zone that the wavy 
foliation in dark gray gouge is similar to the turbu

lence trajectory may also support this hypothesis.
Microstructural observation reveals that LSZ- 

I contains small amounts of carbonate minerals 
which are generally limited to intercalations between 
cleavages of relict biotites. In contrasat, zeolite is 
abundant in the matrix of hydraulically brecciated 
rock and as an alteration product of feldspar. It still 
remains ambiguous for explaining the general lack of 
carbonate in this shear zone. However they are gener 
ally limited to be present in biotite crystals suggest 
slower rate of fluid flow containing CO2 gas than 
those flowing in cracks. Thus it is highly possible that 
they had been formed during the interseismic periods.
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Co-seismic activity of this fault zone is clearly evi 
denced by dominant hydraulic brecciation texture 
which also implies the fluid dominant condition prior 
to seismic faulting. This fluid could be derived from 
slower rate flow thorough the biotite cleavage and/or 
intracrystalline path in feldspars, which is evidenced 
by alteration and substitution of feldspars by zeolites, 
and trapped in this shear zone. The fluid is possibly of 
deeper origin, because the relatively thick, imperme 
able layers of the MSZ preclude the down flow of flu 
ids of meteoric origin. From these considerations, 
The LSZ-1 could have been a fluid-rich (possibly 
deeper origin), co-seismic brecciation zone during 
seismic cycles.

The distinctive characteristics of the LSZ-2 
shear zone at mesoscopic scale is dilatancy of the 
core. Microscopic observation reveals that the fault 
rocks in this shear zone are dominated by fault gouge 
containing clay minerals and characterized by a folia 
tion texture caused by preferred orientation of clay 
particles. The results of constant mass isocon analysis 
indicate that fault rocks in this zone show a strong 
dilatancy compared to those of surrounding WPAR. 
The facts that they contain abundant clay minerals 
and show dilatancy indicate that effective pressure in 
this shear zone is quite low compared to other shear 
zones. The asymmetric clay particle trails extending 
on both sides of the clasts indicate that the mode of 
deformation of the clay minerals is shear flow result 
ing in rotation of particles. This texture could be a 
candidate for slow creep structure based on the simi 
larities between the textures in the clay gouge and 
those formed by viscous flow experiments. In a vis 
cous flow experiment, flow trajectories develop par 
allel to each other if the flow velocity is quite slow (R 
<1.0) and in the case that a cylindrical column exists 
in such a flow, flow trajectories envelope the col 
umns. Thus, we infer that these textures developed by 
slow creep motion during the interseismic period.

Characterization of the WPAR
The WPAR is widely distributed, surrounding 

the every shear zone in the GSJ core. It generally 
shows an intermediate pulverization and alteration 
textures between the host rock and fault breccia, ex 
cept for the depth range from 625 m to 656 m where

the LSZ-1 shear zone appears. Constant mass isocon 
analysis suggests that the WPAR generally shows di 
latancy and depletion of C type elements. However, 
in the extent between 426 m and 500 m, the upper 
most part of the WPAR in the hanging wall is charac 
terized chemically only by LOI increase. Thus, the 
WPAR can be regarded as a dilatancy zone or a fluid- 
increase zone. As described above, the MSZ and 
LSZ-1 are regarded as co-seismic high-velocity shear 
zones and LSZ-2 is regarded as an interseismic, low- 
velocity shear zone. The WPAR is involved in these 
shear zones, suggesting that they were generated dur 
ing co-seismic periods at the marginal part of the 
shear zone. During interseismic periods they could be 
the conduit for fluid flow, due to crack opening and 
dilatancy. The presence of euhedral, large grains of 
carbonate and zeolite filling cracks may support this 
hypothesis.

Differentiation of roles for shear zones during seis 
mic cycle in the Nojima fault

Recently the concept of a shear zone within a 
fault is greatly revised mainly based on micro struc 
tural observations and chemical measurements 
(Chester & Logan 1986, Chester et al., 1993, Evans 
& Chester 1995, Evans & Goddard 1995, Evans et 
al., 1997). Two distinct zones are recognized so far in 
the fault zone from these results. One is the fault core, 
which is characterized by relatively low shear 
strength and very low permeability. Another is the 
damaged zone, which has a tabular form and sur 
rounds the fault core. The damaged zone is character 
ized by moderate strength and moderate to high per 
meability. These two zones are further surrounded by 
the host rock which shows higher shear strength and 
quite low permeability. The fault core - damaged 
zone model is quite reasonable for understanding the 
fault mechanics during seismic cycles. However, we 
will try to construct a revised model since we are now 
understanding a more detailed mechanism of fault ac 
tivity during seismic cycles through a vast amount 
core observation on polished surfaces, micro struc 
tural observations on more than 100 thin sections and 
examinations both major and trace chemical elements 
of 94 samples, as described so far.

Physical logging results, mesoscopic and mi-
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Fig. 12 Distribution and role of shear zones

crostructural observations and the results of chemical 

analysis all indicate that the centralized shear zone in 

the Nojima fault zone is the MSZ, which shows a dis 

tinct compaction and mechanical wearing and/or dis 

solution possibly accompanying heat generating by 

friction with high velocity motion of fault surface. 

The width of this zone is measured as 2.0 m by pro 

jecting the extent of this shear zone to the line at right 

angles to the fault surface. LSZ-1 is located just be 

neath the MSZ and is also regarded as a co-seismic 

fault surface, based on dominant texture of explosion 

brecciation. The thickness of the LSZ-1 is 4.5m. Thus 

we interpret that the fault core attains a total of 6.5 m 

thickness and is composed of two parts each of which 

played a different role during earthquakes. We refer 

to this as the co-seismic fault core. The co-seismic 

fault core is surrounded by a damaged zone com 

posed of WPAR about 43 m thick if WPAR is defined 

as a fluid increase zone, or 26 m thick if it is defined 

by dilatancy and depletion of C type elements in the 

hanging wall. In the footwall the dilatancy and deple 

tion zone is thicker than 20 m. The LSZ-2 shear zone 

is 3.4 m thick, isolated shear zone in the footwall 

damaged zone. This shear zone can be regarded as an

interseismic, creeping shear zone. Thus, we interpret 

that a different fault core is activated during 

interseismic periods. This fault core is referred to as 

the interseismic fault core.

Conclusions

We have performed fault rock distribution 

analysis throughout the GSJ core, microstructural ob 

servations of deformation and alteration under the 

microscope and whole rock chemical analyses. These 

data lead to the following conclusions.

(1) The whole fault zone is more than 63 m in thick 

ness and contains seven major shear zones, each 

showing unique characteristics, are distinguished. 

They are referred to as, from shallower to deeper 

core, UCZ, USZ, MSZ, LSZ-1, LCZ-1, LCZ-2 and 

LSZ-2 respectively. Every shear zone is surrounded 

by weakly pulverized and altered fault-related rocks 

(WPAR). Detailed analyses have been performed for 
the MSZ, LSZ-1 and LSZ-2 shear zones.

(2) The MSZ shear zone is located at 625 m depth and 

has 2.0 m in thickness and is the main shear zone in 

the GSJ core, characterized by random fabric fault 

breccia and two kinds of fault gouge. The microstruc 

tural examination and chemical composition analysis 

clarifies that this zone is regarded as the compaction
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zone due to mechanical wear and dissolution, possi 
bly associated with heat generation. Thus this zone is 
interpreted as the co-seismic fault zone.
(3) The 4.5 m thick LSZ-1 shear zone is located just 
beneath the MSZ shear zone, and it is characterized 
by dominant hydraulic brecciation texture. This zone 
is regarded as a fluid trapped zone during the inter- 
seismic period and hydraulic explosion zone during 
the co-seismic period.
(4) The 3.4 m thick LSZ-2 shear zone is located 16.6 
m beneath the MSZ shear zone, and characterized by 
a great increase in volume and distinct foliation pro 
duced by preferred orientation of clay minerals. This 
shear zone is regarded as a dilatant, slow-velocity 
creeping zone of the interseismic periods.
(5) The WPAR surrounding these shear zones is char 
acterized by volume increase and numerous cracks 
containing carbonate and zeolite minerals. 
This zone is regarded as a dilatant, co-seismic zone at 
the marginal part of the main shear surfaces.
(6) The MSZ and LSZ-1 shear zones are regarded as 
the co-seismic fault core, in which each shear zone 
behaved differently as described above. The LSZ-2 
shear zone is regarded as the inter/after seismic fault 
core. As a result, each shear zone which has a differ 
ent role in the seismic cycle have been clarified in this 
paper.
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ABSTRACT

The fault core of the Nojima Fault is investigated 

from structural and mineralogical point of view to 

elucidate the environment of the gouge formation. 

The fault core is about 30 cm thickness and 

deformation is intensively localized even there. It 

is composed of three types of fault gouges; type I, II 

and III. Type II gouge is the oldest from the cross 

cutting relations. It is very fine grained and 

contains melted material (relict of pseudotachylite?). 

This gouge was formed probably deeper than type II 

gouge. Type I gouge is also fine grained and 

foliated gouge. It is formed probably at the 

temperature ranges between 130 to 200°C. Type 

III gouge is random fabric and relatively coarse 

grained. It is formed probably the most recent and 

shallow level inferred from poor development of 

veins and sealing materials. These three types of 

gouge are considered to represent different age and 

depth of Nojima fault activity.

Introduction

The active fault drilling at Nojima Hirabayashi after 

the 1995 Hyogoken-nanbu (Kobe) earthquake, SW 

Japan provides us with a unique opportunity to 

investigate subsurface fault structure and in-situ 

properties of the fault zone. We succeeded in 

penetrating through the active fault at depth 

immediately after the large earthquake almost for 

the first time in the world. This paper describes

the characteristics of the fault core and discusses on 

the activity of the Nojima fault.

Outline of GSJ Hirabayashi core

Fig. 1 is a composite column showing the lithology, 

distribution of alteration minerals and ignition loss 

(LOI) (Fujimoto et al., 1999). We identified the 

fault core of the Nojima Fault between 623.1 to 

625.3 m depth, because the thickest fault gouge in 

the borehole is distributed with a high dipping angle 

that is coincident with that of the surface rupture. 

Another evidence is that the results of geophysical 

logging (Ito et al., 1996) show various anomalies at 

this depth such as remarkable change of sonic wave 

velocity.

Core lithology is mostly Cretaceous granodiorite 

(Nojima granodiorite (Mizuno et al., 1990)) with 

some porphyry dikes. The rocks above 426 m 

depth are nearly intact granodiorite (Fig.2a). The 

borehole enters into the fault zone at 426 m depth 

and the rocks are affected by the fault activities 

even at the bottom of the borehole. We categorize 

four types of fault related rocks, which are weakly 

deformed and altered granodiorite, fault breccia, 

fault gouge and cataclasite based on degree of 

alteration and pulverization (Tanaka et al., 1999).

Characteristic alteration minerals in the fault 

zone are smectite, zeolites (laumontite, stilbite) and 

carbonate minerals (calcite, siderite, and dolomite). 

Alteration will be mentioned in detail in Fujimoto et
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al (in prep.). Laumontite veins are inferred to have 

formed during the fault activity before precipitation 

of the carbonate minerals. Laumontite is stable at 

a temperature range between 130 and 200°C based 

on the active geothermal area data (Henley and Ellis, 

1983). Calcite which is also a major sealing 

material at the fault core is probably the youngest 

authigenic mineral in the shallow level of the 

Nojima fault.

Characteristics of the fault core

Table 1 summarizes the lithology around the fault

core based on Tanaka et al. (1999). Core recovery 

is fairly well in this interval. Zones a and h 

correspond to weakly deformed and altered 

granodiorite, zone b corresponds to fault breccia and 

zones c, d, e, f and g correspond to fault gouge of 

the fault core, respectively. Fig. 2 shows typical 

polished slabs of the fault gouge. The a/b 

boundary is gradual and the b/c boundary is not 

clear, as the just boundary is not wholly recovered. 

The other boundaries are not gradual but shear 

surfaces (e.g., Fig. 2e and h).

Minerals identified by XRD Ignition Loss
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Fig.l A composite column showing simplified lithology, distribution of mineral species by X-ray diffraction, 
ignition loss of the bulk rock composition after Fujimoto et al., (1999).
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Zones d and f are quite similar in appearance 

and zones e and g are also similar except foliation. 

Thus, we categorize three types of fault gouge based 

on the texture and color as mentioned below. Type 

I gouge (zone a; Fig. 2c and d) is light bluish gray 

and foliated. Type II gouge (zone d and f; Fig 2f) 

is medium bluish gray and intensively foliated. 

Type III gouge (zone e and g; Fig.2g and h) is 

yellowish gray and foliation is weak. Horizontal 

shear surface is only recognized in type II gouge. 

Maximum clast size is about 1 mm in type I gouge, 

about 0.5 mm in type II, and about 2 mm in type III 

respectively. Veins of laumontite and siderite are

developed in type I gouge and laumontite and 

calcite veins are also developed in type II gouge, no 

veins are developed in type III gouge.

Crosscutting relations and development of 

carbonate and zeolite veins indicate that type II 

gouge is the oldest and type III gouge is the 

youngest among the three.

Microscopic characteristics

Occurrences of alteration minerals at the fault core 

are observed by scanning electron microscope 

(SEM).
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Table 1 Description of GSJ Hirabayashi core around the fault core modified from Tanaka et al., (1999). 
Grade of deformation and alteration is classified based on percentage of relict mafic minerals and density of 
shear surfaces based on naked eye observations respectively. 1 is weak, 2 is moderate and 3 is intense. 
Abbreviations: Qt. (quartz), Fd (feldspar), Mont (montmorillonite), Lm (laumontite), St (stilbite), Sd 
(siderite), and Cc (calcite).
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Fig.2 Polished surface of the typical samples. The scales in each photo is 25 mm long. Left side is upward direction, 
(a) Intact granodiorite. (b) Fault breccia in zone b. (c) Type I fault gouge in zone c. (d) Type I gouge in zone c. 
(e) Boundary between zones c and d. (f) Type II gouge in zone d. Bfl indicates black band possibly pseudotachylite band.. 
(g) Type III gouge in zone e. (h) Type III gouge in zone g. Characteristic features are given in Table 1.
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A laumontite vein, which penetrates type I gouge at 

623.5m depth, is cut by carbonate vein composed of 

siderite and calcite (Fig. 3a). Calcite and siderite 

also occur as a matrix component as shown in Fig. 

3b. Calcite and siderite are both euhedral in shape 

in this case, which suggest that the minerals are 

precipitated from solution under hydrostatic 

condition. These facts indicate that the laumontite 

vein was formed before carbonate vein, after the 

formation of type I gouge. Laumontite also 

appears as a clast in the same fault gouge, which 

means that the laumontite formed before the fault 

activity. Thus, laumontite formed at multiple 

stages during the fault gouge formation. 

Considering that laumontite is formed at 

temperature range between 130 to 200°C (Henley 

and Ellis, 1983), the formation temperature of type 

2 gouge is also in the same temperature range. If 

the temperature gradient did not vary so much from 

the present day (about 30°C/km), the formation 

depth of type II gouge should be about 4 to 7 km.

At 624.4 m depth, type II gouge was fractured 

with calcite filling (Fig. 3c). The texture indicates 

dilatation. At the same depth, a narrow cataclastic 

band composed of very fine materials without any 

carbonate sealing cuts the other structure with high 

angle (Fig. 3d). This unsealed cataclastic micro 

band may have formed in the 1995 earthquake. 

Type II gouge characteristically contains black band 

of a few mm thickness (Fig. 2f) The black band is 

transparent and cyrptocrystalline under optical 

microscope as shown in Fig. 3e. The 

cryptocrystalline materials have granitic chemical 

composition and contain rounded shaped quartz as 

shown in Fig. 3f. The outline of the quartz is 

vague. They also contain elongated and oriented 

small bubbles (Fig. 3f). These facts indicate that 

the cryptocrystalline materials are formed by 

melting, that is, they are probably relict of 

pseudotachylite. They are not formed by 1995

Kobe earthquake as it is crushed and cemented with 

calcite. Probably they are formed below several 

kilometers depth as it is only recognized in type II 

gouge. Type II gouge formed prior to type I gouge 

which formed probably at about 4 to 7 km depth as 

mentioned before.

The vertical displacement of the Nojima fault in 

Quaternary age is estimated to 230m (Murata et al., 

1998). Thus, the total vertical displacement should 

be more. The fault core of the Nojima fault 

experienced probably more than hundred 

earthquakes if the displacement is responsible for 

seismic activity. It is surprising that the texture of 

pseudotachylite remains during a few kilometers 

uplift and seismic activity in a fault core.

Pulverization and alteration

Almost continuous whole rock chemical analysis 

shows that the fault core is highly concentrated in 

H 2O and CO2 represented by LOI (Ignition loss 

indicating total concentration of H2O and CO2 ) due 

to formation of smectite, laumontite, siderite and 

calcite (Fig. 1). Pulverization and alteration are 

strongly interactive in the fault zone

Concluding remarks

The fault core of the Nojima Fault is about 30 cm 

thickness and deformation is not homogeneous and 

intensively localized even in the fault core. It is 

composed of three types of fault gouges; type I, II 

and III. Type II gouge is the .oldest from the cross 

cutting relations. It is very fine grained and 

contains cryptocrystalline materials (relict of 

pseudotachylite?). Horizontal shear surface is 

developed. This gouge was formed probably 

deeper than type II gouge. Type I gouge is also 

fine grained and foliated gouge. It is formed 

probably at the temperature ranges of laumontite 

stability (130 to 200 6C (Henley and Ellis, 1983)). 

This temperature corresponds to the about 4 to 7 km
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Fig.3 Secondary electron images (except e) showing the microstructure of the fault gouge in the fault core. 
Scale is shown in each photograph, (a) and (b) is type I gouge and (c), (d), (e) and (f) are type II gouge. 
The left side corresponds to the upper side of the original orientation, (a) 623.5 m depth. Laumontite 
vein (Lm) in pale grayish green fault gouge is cut by a carbonate vein (Sd+Cc) composed of siderite (white 
rim) and calcite (inner part in gray color), (b) 623.5 m depth. Rhombic shaped euhedral crystals of siderite 
(Sd) and calcite (Cc) are distributed as matrix components. A sub-rounded clast of laumontite (dark gray) 
exists in the right side, (c) 624.4 m depth. Calcite (white) fills fractures in dark grayish fault gouge, (d) 
624.4 m depth. An unsealed cataclastic veinlet (A) runs through dark grayish fault gouge sealed by calcite. 
(e) 624.4 m depth. Optical microphotograph of the black band (BB). (f) 624.4 m depth. Rounded quartz 
(Qtz) and elongated bubble (B) in the cryptocrystalline material, which indicates that it is relict of 
pseudotachylite.
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depth assuming the temperature gradient to be 

30 °C/km. Type III gouge is random fabric and 

relatively coarse grained. It is formed probably the 

most recent and shallow level inferred from poor 

development of veins and sealing materials.

These three types of gouge are considered to 

represent different age and depth of Nojima fault 

activity.
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ABSTRACT

The deformation textures in the granodiorite from 
the Nojima Hirabayashi borehole are described and 
attributed to aseismic or seismic deformation 
mechanisms. Aseismic deformation appears to be non 
negligible even in the low-strain granodiorite (2-5%). 
It is also present in the cataclasites and 
ultracataclasites where it alternates which seismic 
episodes on the fault.

The observed textures throughout the borehole 
result from the mobility of quartz during the first stage 
of deformation, and of carbonates during the late ones. 
The same textures have been described also in the San 
Gabriel fault (California). This suggests that the 
textures may be attributed to decreasing temperature 
conditions and that the hanging wall of the Nojima 
fault has been uplifted, through time, from 3-5 km 
depth towards the first km of the crust.

INTRODUCTION

Twenty-five horizontal thin sections from the core 
of the Hirabayashi borehole were examined in order to 
describe the small scale deformation textures related to 
the active Nojima fault. The objectives of this study 
were to compare the observed textures with what is 
known from other active fault systems such as the San 
Gabriel Fault (California), to interpret the textures in 
terms of deformation mechanisms and to attribute 
them, if possible, to the seismic or interseismic stages 
of the fault activity.

The borehole encountered granodiorite and 
porphyry dikes. Detailed structural, petrographical, 
mineralogical and geochemical studies of the borehole 
have been already achieved (Fujimoto et al., 
submitted; Ohtani et al., submitted, Tanaka et al., 
1999). The present preliminary textural study focusses 
on granodiorite samples from one minor zone of

faulting (around 250 m) and from a few intervals above 
and below the main shear zone (624 m). Major 
magmatic minerals of these samples are amphibole, 
biotite, plagioclase, quartz and K-feldspar. In the 
following study, the textural classification of fault 
rocks by Sibson (1977) modified by Snoke and Tullis 
(1998) has been used.

DEFORMATION TEXTURES IN LOW-STRAIN 
ZONES

The granodiorite samples display varying degrees 
of internal deformation of minerals, fracturation and 
veining. The veins have not been studied in detail 
because only horizontal thin sections were available 
and it was not yet possible to decipher precisely the 
kinematics of these structures.

BIOTITE

Figure 1. Microphotograph of a kinked biotite in the 
granodiorite at 352.3 m depth. Note the subhorizontal 
dark stylolitic plane compatible with the subvertical 
orientation of the shortened cleavage planes. Thin 
section is horizontal in the core reference frame. Plane 
polarized light. The width of the photograph is 3 mm.
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Figure 2. Schematic diagram showing the use of 
kinked biotites as markers of the shortening direction 
and of the finite shortening.
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Figure 3. Examples of (001) orientation in kinked 
biotites for samples at 224.0 and 244.0 m depth. The 
histograms show two orthogonal directions 
corresponding to two shortening directions.

Biotite crystals display kink-bands (Figure I) 
similar to those described by Kosaka et al. (1999). 
They indicate, first, the direction of shortening and, 
second, the finite strain (Figure 2). Generally, and 
assuming that biotites are randomly orientated

throughout the rock, two directions of shortening may 
be deduced from the orientation of (001) cleavages of 
the kinked biotite crystals (Figure 3). One direction is 
more clearly expressed than the other (sharp kink-band 
boundaries) and in most cases, this direction 
corresponds, chronologically, to the first one, as 
established with other structural criteria (veins, 
microcracks, etc..., see below).

A Iteration of biotite may be present, together with 
kink-bands, and is expressed either by chloritisation 
along the cleavages or by crystallisation of calcite 
within the (001) cleavage planes.

The finite shortening of twelve biotites has been 
determined on one sample (224). Cleavages have been 
drawn on microphotographs and their length has been 
calculated using NIH Image program (U.S. National 
Institute of Health, 1998). The results depend on the 
location of the crystals: shortening may be as high as 
40% for a biotite close to a shear fracture. Generally 
the shortening is between 2 and 5%.

In some samples, fractures link one biotite crystal 
to the others, a pattern which suggests that biotites act 
as soft minerals in the granodiorite.

QUARTZ

Except in the immediate vicinity of the fault, 
quartz crystals scarcely exhibit classical features of 
plastic (intracrystalline) deformation such as undulose 
extinction, subgrains, dynamic recrystallisation (see 
Kosaka et al., 1999). On the contrary, quartz crystals 
are intensely fractured and several types of structures 
may be distinguished:

Figure 4. Microphotograph of the 256.2 m core 
sample (horizontal thin section). The contact between 
plagioclase (PI) and quartz (Qtz) has been outlined 
(thick black line), as well as the shortened (001) 
cleavage (black line) of biotite (Bt), fluid inclusion 
planes (thin black line) and flattened fluid inclusions 
(short thick black lines) in quartz. Fluid inclusion 
planes and biotite cleavages are radial around the 
plagioclase boundary which may have acted as a 
dissolution surface under compressive stress. Plane 
polarized light. Width of the microphotograph: 3mm.
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(i) Fluid inclusion planes are mode I fractures which 
have been healed by dissolution-crystallisation 
processes (Tuttle. 1949). The orientation of these fluid 
inclusion planes is indicative of the stress tensor 
(Lespinasse and Pecher. 1986). In the studied samples, 
the principal orientation of the fluid inclusion planes is 
coincident with the first direction of shortening 
deduced from the biotite crystals (Figure 4) and with 
some small cracks crosscutting plagioclase or K- 
feldspar and sealed with clear albite or quartz, 
(ii) The largest fluid inclusions located within these 
planes or isolated in the quartz crystals are deformed. 
They are flattened in short planes or cracks (Figure 4) 
which have a constant orientation throughout the thin 
section independantly of the lattice orientation of the 
quartz crystals.
(iii) Zeolite- or calcite-filled microcracks are present in 
most of the studied samples, these microcracks have 
similar orientation to the second shortening direction 
of (001) biotite cleavages. Generally the zeolite-filled 
cracks are older than the calcite-filled ones, as already 
observed by Fujimoto et al. (submitted).

TEXTURES IN HIGH-DEFORMATION 
STRAIN ZONES

CATACLASITES

Four samples of cataclasite (all cohesive) have been 
observed on horizontal thin sections: one in a minor 
fault zone at 249.9 m depth, two in the main fault 
zone at 619.8 and 622.6 m depth, and one, below, at 
705.9 m depth. These samples fall into two classes: 
the silica-cemented (Si-) and the carbonate-cemented 
(Ca-) cataclasites, depending on the nature of the 
cementing matrix.
- 249.9 m: a Si-cataclasite is bounded by a sharp shear 
fracture. In the wall-rock and along this fracture, quartz 
displays slightly undulose extinction and biotite 
crystals are highly kinked and smeared out in the shear 
plane. An undeformed zeolite vein is emplaced along 
the shear fracture, but no carbonate vein has been 
observed.
- 619.8 m: quartz is highly fractured and shows only 
little internal plastic deformation (slight undulose 
extinction). Biotite is completely altered but the traces 
of the (001) cleavages are still recognisable and show 
large shortening (30-40%). K-felspar displays undulose 
extinction and plagioclase is almost completely 
replaced (zeolite?). In the preserved fragments of 
granodiorite, fluid inclusion planes are present and 
fluid inclusions are flattened perpendicular to these 
planes. Calcite- and zeolite-filled cracks crosscut the 
minerals and are approximately parallel to the fluid 
inclusion planes.

Figure 5. Microphotograph of the 619.8 m depth 
sample showing the Si-cataclasite (grey) containing 
some white fragments of quartz, cut by a Ca-cataclasite 
where small angular fragments of Si-cataclasite are 
embedded in black siderite cement. Thin section is 
horizontal in the core reference frame. Plane polarized 
light. Width of the view: 3 mm.

Twostages are recognized in the cataclastic zones at 
this level (Figure 5). The first one is a very fine 
grained and compacted Si-cataclasite suggesting the 
activity of dissolution processes. In these Si- 
cataclasites, impurities and black material are 
concentrated on irregular stylolite-looking surfaces. 
Some of these planes are cut by other (younger) 
cataclastic events and by siderite-filled cracks. The 
second stage is a Ca-cataclasite with sideritic matrix; 
it also post-dates the Si-cataclasite

Figure 6. Microphotograph of the 622.6 m depth 
sample showing grey fragments of Si-cataclasite and 
quartz embedded in the black cement of the Ca- 
cataclasite. Thin section is horizontal in the core 
reference frame. Plane polarized light. Width of the 
view: 1.5 mm. - 622.6 m: This sample is almost 
completely cataclastic at the scale of the thin section. 
Both Si-cataclasites and Ca-cataclasites are observed. 
Fragments of Si-cataclasites are embedded in younger 
Si-cataclasites, and Si-cataclasites are themselves 
fragmented and embedded in Ca-cataclasite with 
highly variable percentage of carbonate cement. In the 
cement, euhedral crystals of carbonate may be observed 
within an unrecognized matrix, at high magnification 
on the petrographic microscope (see also description of 
fault gouge at 623.5m by Fujimoto et al., 1999).
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Stylolitic planes are visible in the Si-cataclasite and 
are cut. in some places, by Ca-cataclasites. The latter 
are also cut by stylolitic planes. 
- 705.9 in: this cataclastic sample appears to be more 
structured than the former ones, although the texture 
within the wall rock is very similar (highly fractured 
quartz, flattened fluid inclusions, etc...)- The center of 
the high-strain zone is a foliated and colour-banded Si- 
cataclasite. displaying some C-S structures similar to 
those described by Lin (1999) (Figure 7). However, 
the foliation is defined by a compaction of the very 
fine-grained angular fragments rather than by internal 
deformation of them. Colour banding seems to be 
induced by the alternation of Ca-cataclasites in Si- 
cataclasites. Again irregular surfaces of dissolution are 
observed, and compaction appears to be higher in Si- 
cataclasites than in Ca-cataclasites.

Figure 7. M icrophotograph of the 705.9 m depth 
sample showing the cataclasite with a C 
(subhorizontal) and S (deeping to the right) structure. 
Thin section is horizontal in the core reference frame. 
Plane polarized light. Width of the view: 6 mm.

In summary, it appears that Si-cataclasites are 
formed first, and are subsequently followed by Ca- 
cataclasites and siderite-filled cracks. In the 
cataclasites. episodes of dissolution and veining seem 
to alternate with episodes of cataclasis.

DEFORMATION TEXTURES 
OF THE MAIN SHEAR ZONE

IN THE CORE

Two very fragile samples of cohesive fault gouge 
have been observed at 624.30 and 624.60 m. They are 
very fine-grained and show a millimetric colour 
banding suggesting a succession of multiple cataclastic 
episodes. The banding of the ultracataclasite is cross 
cut and displaced along fractures which are filled with 
zeolites(?) and different layers display varying degrees 
of fracturation (Figure 8). These samples correspond to 
the gouge type II as defined by Fujimoto et al. (1999).

Figure 8. M icrophotograph of the 624.6 m depth 
sample showing the colour banding (vertical). Note 
that each episode contains fragments of crystals or 
cataclasite and that the episode on the left is much less 
fractured than the one on the right. Plane polarized 
light. Width of the view: 6 mm.

Figure 9. Microphotograph of the 624.6 m depth 
sample showing the colour banding (horizontal) and 
some stretched folded fragments within the central 
episode. Plane polarized light. Width of the view: 6 
mm

Within the colour banding, it is possible to 
recognise elements of older ultracataclasite embedded 
in younger ultracataclasite. The fragments sometimes 
display folding suggesting structures described in 
pseudotachylites (Figure 9). The isotropic character 
(black under polarised and analysed light) of the very 
fine matrix in some of the bands, reinforce the 
similarity with pseudotachylite. However, this 
isotropic character may be due to very fine grain-size of 
the matrix and no absolute evidence has been found for 
the presence of glass under the petrographic 
microscope. Further detailed studies (SEM, TEM) are 
necessary to test the presence or absence of a molten 
phase.

COMPARAISON WITH 
SAN GABRIEL FAULT

TEXTURES IN THE

In Southern California, recent uplifting of the San 
Gabriel mountains (along thrust faults) exposed crustal 
levels from about 2 to 5 km depth (Oakeshott, 1971).
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Microstructures and mineral assemblages of the 
outcropping fault rocks are consistent with right lateral 
strike-slip faulting at depth (Jennings, 1994).

Samples were collected in granites several meters 
to hundreds of meters away from the central gouge 
zone. The crack orientation indicates the direction of 
shortening, and ranges from 020° to 045° with respect 
to the faults. This variation may be related to 
successive seismic events with associated crack sealing 
processes. Quartz is the most frequent mineral filling 
the sealed cracks. However, a network of very thin 
veins, filled with calcite, is seen by 
cathodoluminescence studies and is the latest episode 
of crack sealing.

Dissolution features can be distinguished in the 
samples. The sealed cracks (T) are associated with, 
and are perpendicular to, solution cleavage (S in 
Figure lOa). Most of the veins are interrupted against 
solution cleavage, this relation indicating their closed 
relationship (Figure 10). This solution cleavage can be 
seen at the scale of several grains or at the scale of a 
single grain boundary.

A schematic restored state, before solution along 
stylolites, (Figure I Ob) shows the location of the 
transgranular zone of dissolution, and the associated 
veins which are interrupted against the zone of 
dissolution. Quartz and feldspar both show evidence 
for dissolution under stress. The aperture of the cracks 
(or at least the thickness of the filling material) may be 
estimate when the sealing mineral is different from the 
host mineral (for example quartz veins in feldspars); it 
ranges from 10 to 100 jam. Apertures are more 
difficult to estimate when the sealing and the host 
mineral are not easily differentiated. Example of 
transgranular cracks in quartz shows that the two 
limits of the cracks are often outlined by two trails of 
fluid inclusions in the host mineral.

Other samples were collected from various sites in 
Southern California(Gratier et al., 1994) allowing the 
observation of pressure solution and crack sealing in 
rocks brought up from several kilometers depth (from 
1-2 to 5-10 km). Mass change and mobile elements 
associated with pressure solution-deposition have been 
estimated by comparative chemical analysis. The 
relative mobility of quartz and calcite clearly evolves 
with depth. At low depth, calcite is more mobile than 
quartz, and this relative mobility reverses at larger 
depth. This is consistent with the theoretical 
evolution of pressure solution strain-rate with depth for 
these two mineral (Gratier, 1984, Figure 11). This 
evolution is related to two converging effects:
- the solubilities of quartz and calcite show an inverse 
evolution with increasing temperature (normal and 
reverse relation, respectively, for quartz and calcite),
- at low temperature the kinetics of quartz dissolution 
is very low and prevents significant pressure solution 
process (Oelkers et al., 1996; Renard et al., 1997).

Present state

Restored state

Figure 10. Microphotograph of an horizontal thin 
section from a granitic rock of the San Gabriel fault 
(Gratier et al., 1994). (a) present state: S is the 
stylolitic plane and T is a sealed crack, (b) restored 
state showing the dissolved mater along the stylolitic 
plane. Plane polarized and analysed light.

Strain-rate

-60

^40
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100°C 400 °C TC 
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Figure 11. Theoretical diagram showing the strain-rate 
versus the P and T conditions for quartz or calcite 
aggregates (after Gratier, 1984).
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DISCUSSION

Several important facts must be pointed out. First, 
it is possible to recognize some deformation textures 
in the low-strain granodiorite, which indicate a 
succession of two-shortening directions (two stress 
tensors), each one corresponding to a few percent of 
strain (2-5%).

The first stage corresponds to temperature 
conditions in which silica is mobile since mode I 
cracks are healed (fluid inclusion planes) and fluid 
inclusions are flattened due to dissolution- 
crystallisation processes in quartz (Tuttle, 1949; 
Gratier and Jenatton, 1984). Microthermometric 
measurements on fluid inclusions in quartz from 
granodiorite core samples indicate relatively high 
homogenisation temperatures (ca 300°C, Ohtani et al. 
Submitted). The authors interpret these fluid 
inclusions as representing fluids trapped during 
cooling of the granodiorite. Moreover, the 3-D 
orientation of the fluid inclusion planes is not 
compatible with the present-day state of stress 
accompanying a reverse dextral sense of shear on the 
Nojima fault as demonstrated by Takeshita and Yagi 
(1999). Therefore, and following these authors, the 
fluid inclusion planes may represent Late Cretaceous 
microcracks healed at temperature above 300°C 
immediately after the solidification of the granodiorite 
in a tectonic setting corresponding to left-lateral 
movement on a "proto-Nojima" fault (Takeshita and 
Yagi, 1999).

The second event corresponds mostly to calcite- 
filled cracks and, therefore, to temperature conditions 
in which calcite is mobile. Since the two filling 
minerals (quartz and calcite) have opposite behaviours, 
we may deduced that the observed textures correspond 
to decreasing temperature conditions: above ca 180°C 
for quartz, and below that temperature for calcite 
(Gratier, 1984; Figure 11). A low temperature (ca 
50°C) is also suggested for alteration and calcite 
deposition in cracks and veins by Ueda et al. (1999), 
on the basis of stable isotope data. These textures 
involve slow processes (dissolution, diffusion and 
crystallisation, Gratier & Gamond 1990) and therefore 
are assumed to be aseismic.

The second important point is that the same 
succession of mobile minerals may be observed in 
cataclasites, except in the 249.9 m sample, where no 
carbonate veins or cracks have been observed. In this 
zone, only Si-cataclasites are present. This suggests 
that this cataclastic zone has been active only at 
temperatures higher than ca 180°C and, therefore, that 
it is a to-day inactive and uplifted small fault zone. In 
the main shear zone, Ca-cataclasites post-date the Si- 
cataclasite, indicating that it has been uplifted through 
time, which is consistent with the reverse oblique 
movement on the Nojima fault.

The third important point is that, in all cataclasites 
and ultracataclasites, it was possible to observe

dissolution structures or mineralised fractures 
alternating with cataclastic episodes and mutual cross- 
cutting relations. This suggests that slow strain-rate 
(aseismic) processes such as dissolution-crystallisation 
alternate with high strain-rate (seismic) processes such 
as cataclasis and friction.

Finally, it was not yet possible to determine if 
melting occurred due to friction within the main shear 
zone. However, the flow structures (folds) suggest an 
intermediate viscous behaviour between a molten 
material (pseudotachylite) and a very finely crushed 
one (ultracataclasite) in the fault core.

CONCLUSION

The deformation textures in the granodiorites from 
the Nojima Hirabayashi borehole are ascribed to 
aseismic or seismic deformation mechanisms (Gratier 
and Gamond, 1990; Gratier et al., 1999).

Aseismic deformation due to dissolution- 
crystallisation processes appears to be significant even 
in the low-strain granodiorite (2-5%). It is present also 
in the cataclasites and ultracataclasites where it 
alternates which seismic episodes on the fault. The 
observed textures result from the mobility of quartz 
during the first stages and of calcite during the late 
ones, which suggests that they may be attributed to 
decreasing temperature conditions and that the hanging 
wall of the fault has been uplifted through time, from 
3-5 km depth towards the first kilometer of the crust.

The dissolution-crystallisation processes observed 
during aseismic intervals allow a modification of the 
permeability of rocks and, therefore, a variation in fluid 
pressure (Blanpied et al., 1992; Rice, 1992; Gratier et 
al. 1994). The fluctuations in fluid pressure may, in 
turn, enhance the seismic rupture on the high-angle 
reverse Nojima fault (Sibson et al., 1988).
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Abstract Characteristics of deformation and 
alteration of the drill-core recovered from the fracture 
zone (1140 m in depth) of the Nojima fault (southwest 
Japan) are described. Degrees of deformation and 
alteration are estimated based on the relative density of 
fractures and shear planes and on the relative amount 
of mafic minerals. Based on the characteristics, the 
fault rocks in the core pieces are classified into 
following types, weakly deformed and altered 
granodiorite, altered granodiorite, fault breccia, fault 
gouge and cataclasite. Lithological column analysis 
clarified the distribution pattern of the fault rocks in 
the fracture zone. In addition, correlation to the 
logging data are conducted to clarify the physical 
property of the fault rocks. We refer decrease in P-wave 
velocity (Vp) to deformation, and increase in porosity 
(0) to alteration. In Vp versus <f> diagrams, most plots 
are scattered along the following line, Vp = -0.20 + 1. 
dVp I d$ = -0.2 presents the mean rate of deformation 
versus alteration throughout the Nojima fracture zones. 
The fracture zones at depths of 1800, 1300 and 1140 
m can be considered as strong, stronger and the 
strongest deformation and alteration zones. On the 
other hand, dVp / dp = 0 presents the strong 
alterations compared with the deformations, may have 
developed recently compared with others.

INTRODUCTION

The Nojima fault, which has been known as one of 
the active faults in Japan, was reactivated at the time 
of the 1995 Hyogo-ken Nanbu earthquake. After the

earthquake, fault zone drilling was conducted by NIED 
(National Research Institute for Earth Science and 
Disaster Prevention, Japan), and all-core was recovered 
range from 1001 to 1838 m in depth, including 
remarkable fracture zones at depths of 1140, 1300 and 
1800m.

In this paper, we describe the characteristics of 
deformation and alteration of these fracture zones, 
mainly the zone at a depth of 1140 m. As a result of 
observation, the fault rocks in the zone are classified, 
and mode of distribution of the fault rocks are clarified. 
In addition, correlation to the logging data are 
conducted to clarify the physical property of the fault 
rocks.

CLASSIFICATION OF FAULT ROCKS

The fracture zone at a depth of 1140 m is the 
thickest among the three fracture zones in the core. 
Based on the observations on the surfaces of core 
pieces, we selected the section range from 1108.1 to 
1161.2 m in depth. In this section, the host rocks 
(Cretaceous granitic rocks) have undergone the most 
remarkable deformation and alteration.

Each core piece from the section was fixed by 
epoxy resin and split into two. Split surfaces are fixed 
again and observed by naked eyes to recognize the 
figures of deformation and alteration. Degree of 
deformation is estimated based on the relative density 
of fractures. Degree of alteration is estimated based on 
the relative amounts of residual mafic minerals (biotite 
and hornblende). Based on these two criteria, the fault 
rocks in the zone are classified.
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Occurrence of each fault rocks are described as 
follows.

(1) Weakly deformed and altered granodiorite. 
Texture of the original rocks (granodiorite) is 
preserved on hand-specimen scale. Shear and fissure 
(as mineral veins) surfaces are rarely developed. Along 
these surfaces, some grains of mafic minerals have 
been altered and changed into chlorite, or disappeared. 
Some grains of feldspar are also altered, and change in 
color from pale white to reddish brown.

(2) Altered granodiorite. Most grains of mafic 
minerals have disappeared. Yellow and white color 
mineral veins are developed. Degree of deformation is 
as same as that of the weakly deformed and altered 
granodiorite, not so many fractures are developed.

(3) Fault breccia. Degrees of deformation and 
alteration are moderate. Fragmentations are observed 
along shear surfaces.

(4) Fault gouge. Texture of the granodiorite is 
perfectly obliterated. Compositional color banding is 
observed in some gouges. They are refried to the 
foliated fault gouge in this paper.

(5) Cataclasite. Biotite grains are not altered, but 
elongated along the micro-shear surfaces, and preferred 
orientation of them is developed.

DISTRIBUTION OF FAULT ROCKS

The fracture zone range from 1132.7 to 1145.3 m 
in depth consists of fault breccia and fault gouge 
(Figure 1). Two narrow foliated fault gouge zones 
occur 1140.6 and 1143.6 m in depths. In the hanging 
wall, there is a fracture zone which consists of fault 
breccia and fault gouge range from 1121.4 to 1128.4 
m in depth. In the footwall, three thinner zones of the 
foliated fault gouge zones (1149.5, 1151.4 and 1156.9 
m in depths) are distributed in the weakly deformed 
and altered granodiorite zone. Narrow zones of 
cataclasite occur both in the hanging wall and in the 
footwall.

LEGEND

Weakly deformed and 
altered granodiorite

Altered granodiorite 

Fault breccia 

Fault gouge 

Foliated fault gouge

Depth (m) 

1100n

1140-
1110  M 1140.6

1143.6

1150-
1149.4

1120

1130

7725.5

1160-

Figure I. Fault rock profile of the fracture zone 1140 
m in depth.
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CORRELATION TO THE LOGGING DATA DISCUSSION AND CONCLUSIONS

Geophysical logging data were measured from the 
borehole (Ikeda, 1999). The relationships between P- 
wave velocity and porosity (by neutron log) are shown 
on the cross plots (Figure 2). These relationships have 
been investigated to interpret structures of accretionary 
prism (e.g. Erickson and Jarrard, 1999) and oil field 
(e.g. Izumotani and Noguchi, 1996).

In Figure 2a (251.0-1834.8 m in depth), most 
plots are scattered along the line presented by the 
following equation,

Vp = -0.2# + 7 (1)

where Vp is P-wave velocity (km/sec) and <j> is 
porosity (%). But some plots are scattered in the 
higher 0 area aside from the line (1).

In Figure 2b (1108.1-1161.2 m in depth), the 
lowest value of Vp is 2.1 km/sec, and the highest 
value of# is 40.0 %. In Figure 2c (1276.7-1336.7 m 
in depth), the lowest value of Vp is 2.9 km/sec, and 
the highest value of <t> is 34.7 %. In Figure 2d 
(1774.9-1828.4 m in depth), the lowest value of Vp 
is 4.4 km/sec, and the highest value of 0 is 17.7 %. 
In Figures 2b-d, tracks of the plots are shown, and 
continuous changes of physical properties can be 
recognized. Some parts of the tracks are along the line 
(1), others are aside from the line (!) and along the 
another lines of which dVp / df> are about zero (from - 
0.01 to 0.1).

Correlated pieces (fault gouges) to significant plots 
in the Figure 2b are selected, and their split surfaces 
are polished to be observed in detail (Figure 3). In 
addition, we made some thin sections to observe their 
micro-structural figures (Figure 4).

The fault gouges correlated to the plots on the 
peaks of low Vp along the line (1) are selected (1143.6 
and 1125.5 m in depths). Weakly foliated or random 
fabrics are observed in hand-specimen scale (Figures 
3b & c), but strongly fractured and altered in 
microscale (Figures 4c).

The fault gouges correlated to the plots on the 
peaks of high 0 along the lines of which d Vp I dtp = 0 
are selected (1140.6 and 1149.4 m in depths). Well 
foliated fabrics are observed in hand-specimen scale 
and microscale (Figures 3a & d, 4a & d). Fine grained 
clayey zone non-sealed with calcite is developed 
(Figures 4a).

We refer decrease in Vp to deformation, and 
increase in 0 to alteration. The line (1) is valid for all 
depths, and dVp / dj> = -0.2 presents the mean rate of 
deformation versus alteration throughout the Nojima 
fracture zones (Figure 2a). Based on the mean areas of 
plots on the line (1), the fracture zones at depths of 
1800, 1300 and 1140 m can be considered as strong, 
stronger and the strongest deformation and alteration 
zones (Figures 2b-d).

The lines of which dVp / dp = Q presents the 
strong alterations compared with the deformations. 
The feature of the alterations is a narrow, isolated, fine 
grained clayey fault gouge zone which is non-sealed 
with calcite. These fault gouge zones may have 
developed recently compared with others.
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Figure 2. P-wave velocity versus porosity diagrams. Logging data were measured at 0.1 m intervals, (a) 251.0- 
1834.8 m in depth (n = 15838). (b) 1108.1 -1161.2 m in depth (n = 532). (c) 1276.7-1336.7 m in depth (n = 601). 
(d) 1774.9-1828.4 m in depth (n = 536).
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Abstract
Thirty six carbonate containing rock samples were 
collected from the Nojima Fault core and were 
analyzed for their carbon and oxygen isotopic 
compositions to investigate the mechanism of the 
carbonate formation from fluids along the fault. 
The 6 13C(PDB) and 6 "(XSMOW) values are 
-8.3 to -0.6%o and 21.6 to 30.4%o, respectively. 
The 8 UC(PDB) values increase with increasing 
depth(up to 750m) whereas no good correlation is 
observed between the 6 WO(SMOW) values and 
the depth. In contrast, CO2 and H2O* contents in 
rocks studied are almost constant above 500m 
depth. Below this level, their contents vary 
largely and increase with increasing depth, 
reaching to their maximum values (7wt % and 
5wt %, respectively) around 625m depth (fault 
zone). The 6 I3C(PDB) values are almost 
constant(± l%o) at the same depth independent of 
their CO2 contents. The formation fluids in 
equilibrium with these carbonates are calculated to 
be -0 to +2%o for the 6 "O(SMOW) values on 
the basis of the assumed temperature(25 to 40°C). 
These results imply that the carbonates were 
formed from sea water penetrating along the fault.

Introduction
An active fault drilling was performed by the 

Geological Survey of Japan at Nojima Hirabayashi, 
Awaji Island and was successful by penetrating the 
core of the Nojima Fault at 625m depth. The 
geological and petrographycal descriptions of the 
core have been done by many investigators (ex., 
Fujimoto, 1999, Fujimoto et al.,1999, Tanaka et al., 
1999a). In the core, carbonates were commonly 
observed as veins and disseminated spots, and were 
especially concentrated along the active fault zone 
at 625m depth. The chemical compositions of 
rock powder samples were analyzed by Tanaka et 
al.(1999b). According to their results, CO2 
contents in rocks reach to the maximum value 
(7wt%) around 625m depth.

This paper describes characteristics of their 
isotopic (carbon and oxygen ) compositions of

carbonate containing rocks in the core and discuss 
their origin of the carbonate formation along the 
active fault. Isotopic study of carbonate samples 
in rocks have been mainly studied for cores and 
rocks from geothermal and hydrothermal fields (ex., 
Rye and Ohmoto, 1974, Olson,1979, William and 
Elders, 1984, Sturchio et al.,1990, Morishita, 
1990). In contrast, there are no detailed 
investigations for their isotopic compositions of 
rock samples along active faults. This paper 
reports a preliminary results for the isotopic 
characteristics of carbonates in the Nojima Fault 
core.

Geological and petrological descriptions
According to Tanaka(1999a), the coaxial zone 

of the Nojima Fault exists between 623.1 to 625.3 
m depth, because the thickest fault gouge in the 
borehole is distributed with a high dipping angle 
that is coincident with that of the surface rupture. 
Another evidence is that the results of geophysical 
logging (Ito et al., 1996) show various anomalies at 
this depth such as remarkable change of sonic wave 
velocity. Core lithology is of mostly Cretaceous 
granodiorite (Nojima granodiorite(Mizuno et al., 
1990)) with some porphyry dikes. The rocks 
above 426m depth are nearly intact granodiorite. 
The borehole enters into the fault zone at 426 m 
depth and the rocks are affected by the fault 
activities even at the bottom of the borehole. Four 
types of faults are recognized for related rocks, 
which consist of weakly deformed granodiorite, 
fault breccia, fault gouge and cataclasite based on 
the degree of alteration and pulverization (Tanaka 
etal.,1999a).

Characteristic alteration minerals in the fault 
zone are smectite, zeolites (laumontite, stilbite) and 
carbonate minerals (calcite, siderite, and dolomite). 
Laumontite formation and fault activity is almost 
spontaneous at temperature about 100 t prior to 
precipitation of carbonate minerals. Calcite, 
which is one of the major sealing materials, is 
considered to be the most recent product in the 
shallow level of the Nojima fault zone.

Whole rock chemical analyses show that the
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coaxial zone is highly concentrated in H2O and 
CO2 due to formation of smectite, laumontite, 
siderite and calcite(Fujimoto, 1999, Fujimoto et 
al.,1999). This shows that the mineralogical and 
chemical changes in the fault zone strongly interact 
with pulverization.

Alteration can be briefly characterized by 
decomposition of primary minerals and formation 
of clay minerals, zeolite and carbonate minerals. 
Hornblende breaks down into carbonate and clay 
minerals deeper than 426.2 m depth except about 
670 to 680 m depth. Biotite is decomposed into 
carbonate and clay minerals in the vicinity of the 
fault core. Piagioclase is partially replaced by 
zeolite, albite and sericite in the fault zone. 
Chlorite occurs as a replacement mineral of biotite 
and hornblende through out the whole depth. 
Smectite is distributed mainly deeper than 500 m as 
a replacement mineral of primary mafic minerals 
and the matrix component of fault rocks. Illite 
component is less than a few %. Calcium zeolite 
(laumontite and stilbite) occurs as a vein mineral 
through the whole depth. It also occurs as 
fracture filling and replacement of plagioclase in 
the fault zone (below 426.2m depth). In the 
vicinity of the two gouge zones, it is particularly 
rich in zeolite. Zeolite minerals show a zonal 
distribution; laumontite is distributed deeper than 
about 200m depth. Stilbite is distributed shallower 
than 480m depth and deeper than the fault core. 
Carbonate minerals occur as vein minerals and 
partial replacement of primary mafic minerals 
through the whole depth. They are also a major 
cement component of the fault core. Calcite is 
distributed shallower than about 460m depth and in 
the fault core as matrix cement. Siderite is 
distributed through the whole depth. Dolomite 
only occurs near the fault core(Fujimoto et 
al.,1999).

Alteration mineral assemblages and 
occurrences indicate multistage alterations under 
moderate temperatures (lower than about 300^) 
and in nearly neutral solutions. Degree of 
alteration is indicated by ignition loss (LOI) that 
represents total concentrations of H2O and C02 in 
the bulk samples (Fujimoto et al.,1999). LOI 
profile clearly shows two peaks at the fault core 
and in the vicinity of low sonic zone, while it is 
about 1% outside of the fault zone and about 3 to 
5 % in the fault zone.

Analytical procedures
36 carbonate containing rock samples were 

collected from the Nojima core and powdered. 
Then, ^lOOmg rock powders were reacted with 
phosphoric acid in vacuum at 251 for I day

(McCrea, 1950) and the CO2 gas extracted was 
analyzed for the isotopic compositions by a 
Finnigan Mat Delta-E mass spectrometer. The 
uncertainties are within ±0.2%o for both carbon 
and oxygen isotopes.

Chemical data used in this study are quoted after 
Tanaka et al.(1999b), where CO2 and H2O 
(H2O*+H2O") contents were determined by two 
methods (wet chemical analyses (ignition loss) and 
CHN recorder analyses). The results are in good 
accordance whh each other (Fig.4). From these 
results, H2O* contents are calculated by the 
difference between total H2O and H2O" contents.

Results
Analytical results are shown in Table 1 and Figs. 

1 to 6. The results are summarized as follows;

Table 1 Isotopic compositions of carbonate 
containing rocks from Nojima core.

Depth (m)

177.68
207.38
271.37
497.33
531.58
555.81
559.55
563.44
568.41
574.53
579.49
582.63
587.83
591.76
596.09
606.52
610.79
614.75
623.75
625.73
629.13
634.12
645.48
655.35
663.05
664.55
670.12
676.51
683.13
685.5
691.98
696.98
700.24
704.15
708.83
714.88

<513C PDB(%o)

-8.3
-5.8
-8.6
-2.1
-3.3
-6.0
-3.4
-4.0
-4.4
-4.5
-4.8
-5.4
-4.0
-4.9
-4.4
-5.3
-4.3
-3.7
-3.5
-1.0
-1.8
-0.9
-1.5
-1.4
-2.0
-0.6
-2.3
-1.5
-1.2
-1.1
-1.5
-0.5
-1.9
-0.9
-1.8
-2.1

oMSOsMow^)

25.6
25.8
24.2
28.4
28.5
21.6
27.9
27.1
27.7
28.1
30.4
24.8
27.8
26.8
27.4
25.8
27.4
24.8
24.4
29.0
29.8
21.9
29.6
28.1
28.5
28.0
26.3
24.7
25.5
24.5
25.5
25.8
26.3
26.8
25.5
27.9
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(1) The 6 I3C(PDB) and 6 ! 'O(SMOW) values are 
-8.3 to -0.6%o and 21.6 to 30.4%o, respectively.

(2) The 6 I3C(PDB) values increase with increasing 
depth(up to 750m) whereas no good correlation 
is observed between the 6 "CKSMOW) values 
and the depth.

(3) The 6 I3C(PDB) values are almost constant 
(± l%o) at the same depth independent of their 
CO2 contents.

Discussion
The significant characteristics of the isotopic 

compositions of carbonate containing rocks studied 
are that the 6 "O values(21.6 to 30.4 %o) are 
enriched in "O compared to those of calcites from 
hydrothermal fields in the world(less than 15%o; 
ex.,Olson,1979, Mizutani et al.,1982, William and 
Elders, 1984, Sturchio et al.,1990, Morishita,1991). 
Such high 6 UO values are reported in calcites in 
the North Anatolian Fault zone, Germany, where 
the 6 "O values of calcites in host limestones and 
vein calcites are 24 to 30%o and 19 to 26%o, 
respectively (the 6 I3 C values are 0 to 5%o in both 
limestons and vein calcites).

It is also noted that rocks in the fault zone are 
enriched in CO2 and H20*. These features mean 
that significant water-rock interactions occurred in 
site. As mentioned before, several stages of 
alteration are recognized by the petrographic 
studies (Fujimoto et al.,1999). Ohtani et al.(1999) 
measured filling temperature of fluid inclusions 
from the Nojima core and reported the temperature 
of 100 to 300t and high salinity (5 to 30 NaCl 
wt%). They also analyzed those in calcite at 
depth of 420m and reported the similar results to 
other minerals. These imply that the carbonates 
have been formed during several stages of 
alteration, especially during formation of the 
Nojima Fault. An observed temperature for the 
Nojima well at present is 18t at 10m depth and it 
conductively increases up to 30t at the bottom of 
the well (748m depth).

From these results, the 6 "O values of fluids in 
equilibrium with these calcites are calculated by the 
following equations.

QCaCO 3 -H 2 O = 
("O/^O) CaCO 3 X ( l 'O/16O) H 2 O ©

10001nQCaCO 3 -H 2 O = 
6 "O(CaC0 3 )- 6 II0(H 2 O) = 

2.78(10 6 /T 2 )-2.89 (D 
(^500t ; (Weil et al.,1969)

where fl is a fractionation factor between two 
sepcies.

The results are shown in Fig.l, where the 6 "O

values of sea water and meteoric waters are used to 
be 0%o and -7.5%o, respectively. The latter value 
is an averaged value of those reported for 
groundwaters discharging anormalously after the 
1995 Kobe earthquake and for hot spring waters in 
this area (Sato et al.,1999).

In Fig.l, the 6 13C values of HCO3" in 
equilibrium with carbonates studied are also 
calculated by the following equations. In neutral 
pH fluids, HCO3" ion is a dominant species for 
carbonate ions.

aCaCO 3 -HC(V 
( I3C/12C) CaCO 3/ ( I3C/12C) HCO/ <D

lOOOlntt CaCO 3 -HCO3" =
6 I3C(CaCO 3 )~ 6 I3C(HCO3~)= 

-8.914(10VT3)+10.71600VT*)-38.27(10 3 /T)+43.97 
(^ 290t ; Bottinga, 1969) ©

It is noted that the observed 6 "O values for 
carbonate containing rocks are plotted in areas of 
those of calcites in equilibrium with sea water at 20 
to 40t, where the 6 I3C values of HCO3" are 
calculated to be 0 to -8 %o. This results strongly 
demonstrates one possibility that the carbonates 
studied are precipitated from sea water mixed 
with/without meteoric water penetrating along 
the Nojima Fault. Another possibility is that 
meteoric water becomes to be enriched in "O due 
to water-rock interaction (oxygen shift) in 
hydrothermal condition. This oxygen shift is 
commonly observed to be by 2 to 8%o enrichment 
in geothermal fluids in the world (ex. Craig, 1963) 
as shown in Fig. 7 as one example at the Sumikawa 
geothermal field (Ueda et al.,1995). At 
Sumikawa, geothermal fluids are of meteoric origin 
due to their similar 6 "O values to those of local 
meteoric waters (Ueda et al., 1991), where 2 to 
3 %o enrichment is observed as an oxygen shift. 
Calcites in the Sumikawa geothermal wells (900 to 
2700m depth) have 6 "O values of by 4%o higher 
than those of calcites in equilibrium with meteoric 
waters as shown in Fig.7.

In the North Anatolian Fault zone, Janssen et al. 
(1997) reported such high 6 "O values for host 
limestones and by 5 to 10%o lower values for vein 
calcites than the limestomes as mentioned before. 
They concluded that host limestones were 
precipitated from sea water during the formation of 
sediments, in contrast, vein calcites are from 
meteoric water during the fault activity.

In the Nojima core, calcites are enriched along 
the fault zone and have the high 6 "O values with 
6 13C values close to those of marine carbonates. 

From these results, the following models are 
possible for the origin of carbonates studied so far,
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(1) precipitation from sea water at temperature of 
20 to 40t,

(2) precipitation from a mixture of sea water and 
meteoric water at ~20CC,

(3) precipitation from meteoric water with oxygen 
shift (by 8%o) at temperature of 20 to 40^,

(4) precipitation from meteoric water with oxygen 
shift (by 30%o) at hydrothermal temperature,

(5) precipitation of a mixture of sea water and 
meteoric water with oxygen shift (by 10 to 

30%o) at hydrothermal temperature.

In these possibilities, significant degree of water- 
rock interaction should be occurred in the cases of 
(3) to (5). Especially, for possibility (3), it is 
unlikely to be occurred such oxygen shift around 
room temperature. For possibilities (4) and (5), 
such high enriched fluids in UO have been not 
reported. From these results and observation of 
high CO2 contents along the Nojima Fault, the 
authors favor the possibilities (1) and (2).

Summary
Carbonate-rich rocks are observed along the 

Nojima Fault zone. Their isotopic compositions 
were studied and are characterized due to the 
high 6 IIO values. These features might be 
explained by a possibility that the carbonates were

precipitated from sea water with/without meteoric 
water. So far, sea water has not been recognized 
in groundwaters and the surrounding hot springs in 
the Nojima area. The possible source of such sea 
water is connate sea waters.
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Dynamic analysis based on 3-D orientation distribution of microcracks in 
quartz from the Cretaceous granodiorite core samples drilled along the 
Nojima fault, southwest Japan

TORU TAKESHITA and KOSHI YAGI
Department of Earth and Planetary Systems Science, Faculty of Science, Hiroshima University, Higashi-
Hiroshima 739-8526, Japan

Abstract The orientations of both extension healed 
microcracks recognized as arrays of fluid inclusions 
(fluid inclusion plane, FIP) and open microcracks 
sealed mostly by clay minerals in quartz grains were 
measured with a universal stage for mutually 
perpendicular three thin sections from the Cretaceous 
granodiorite core samples drilled along the Nojima 
fault, southwest Japan. The preferred orientations of 
both healed and open microcracks approximately 
consist of three orthogonal sets (components) A, B 
and C: A strikes N-S-NW-SE and dips vertically, B 
strikes E-W-NE-SW and dips vertically, and C is 
horizontal. The microcracking in the mutually 
orthogonal directions could have been caused by the 
successive release of residual stresses in the principal 
stress directions (Takeshita 1995). The quartz grains 
were also very moderately plastically deformed which 
is indicated by the occurrence of kink bands and wavy 
extinction. The association of healed microcracks and 
kink bands in the quartz suggests that these 
micro structures formed under subgreenschist facies

conditions (ca. 300 °C) during a hydrothcrmal 
activity which could have occurred immediately after 
the emplacement of the granodiorite (during Late 
Cretaceous). Based on both the preferred orientation 
of healed microcracks, and c-axis fabric of kinked and 
unkinked grains (so called kink method), it is inferred 
that the a\- and a3-axis were oriented horizontally in 

N-S-NW-SE and E-W-NE-SW directions, 
respectively. The inferred paleostress field does not 
conform to the E-W trending compression in 
Quaternary, but to the activation of E-W-NE-SW 
trending left-lateral strike-slip faults in Cretaceous in 
southwest Japan.

INTRODUCTION

The preferred orientation of extension healed 
microcrack (explained below) in quartz has long been 
analyzed in relation to regional geologic structures 
and paleostress directions. As far as we know, Tuttle 
(1949) for the first time performed an extensive work 
on the orientation distribution of healed microcracks 
in deformed quartz from granite, metamorphic rocks 
and veins, and noted that it in general consists of two 
or three orthogonal sets. Bonham (1957) showed that 
although microfractures in quartz grains from 
sandstones are dominantly oriented perpendicular to a 
regional axis of anticline, a secondary orientation of

microfractures parallel to the fold axis is also 
predominant in some samples.

Some modern interpretations have been 
given for the development of microcracks in quartz 
since 1990. Both Jang and Wang (1991) and 
Vollbrecht et al. (1991) argued that microcracks in 
quartz from granite formed by thermal contraction 
during the cooling of granite (i.e. cooling joint). Since 
the thermal expansion coefficients of quartz are so 
high that a high tensional stress can be created in 
quartz by thermal contraction during its cooling, 
resulting in the formation of extension microcracks. 
Takeshita (1995) on the other hand argued that the 
formation of healed microcracks was not caused by 
thermal contraction of quartz, but by the buildup of 
pore fluid pressure (hydrofracturing). If the stress 
field is non-lithostatic, the tensile strength of quartz is 
first exceeded in the minimum principal stress (03)

direction irrespective of the origin of tensile stress in 
quartz, which leads to the microcracking 
perpendicular to the regional a3-axis. Accordingly, it 

is expected that a very strong preferred orientation of 
microcracks perpendicular to the 03-axis becomes

developed in quartz under non-lithostatic stress fields, 
which was in fact shown by Jang and Wang (1991). 
However, as already noted, the orientation 
distribution of microcracks in deformed quartz is 
much more complex, and often consists of two or 
three orthogonal sets (e.g. Tuttle 1949; Dula 1981; 
Lcspinasse & Pecher 1986; Vollbrecht et al. 1991; 
Takeshita 1995, Takeshita et al. 1996, 1997). It has 
been found that each of two or three orthogonal sets 
of microcracks in quartz is oriented perpendicular to 
one of the principal paleostress directions, although 
different ideas were proposed for the origin 
(Vollbrecht et al. 1991; Takeshita 1995).

In this study, we analyzed the orientation 
distribution of microcracks in deformed quartz from 
the granodiorite core samples drilled along the 
Nojima fault, and documented that three orthogonal 
sets of microcracks are developed in the quartz. Based 
on the results, we inferred the paleostress fields and 
histories for microcracking in the quartz in the light of 
movement of the Nojima fault.

SAMPLE DESCRIPTION AND ANALYTICAL 
PROCEDURES
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We collected 7 oriented granodiorite (Ryoke 
younger granite; the amphibole K-Ar ages were dated 
as 87.7 Ma by Takahashi 1992) samples from the 
Ogura 1800 m (5 samples) and Hirabayashi 750 m (2 
samples) cores drilled along the Nojima fault (Table

1). These two cores were drilled by the Disaster 
Prevention Research Institute of Kyoto University 
(DPRIK) and the Geological Survey of Japan (GSJ), 
respectively.

Sample 
No.
Depth (m)
Rock type
Key orient.

No.l 
(DPK)
532.3
Dr.
E

No.2 
(DPK)
785.5
Grd.
S38°W

No.3 
(DPK)
893.5
Grd.
N31°E

No.4 
(DPK)
898.0
Grd.
S16°E

No.5 
(DPK)
1003.4
Grd.
N24°E

No.6
(GSJ)
538.0
Grd.
N

No.7 
(GSJ)
631.1
Grd.
N

Table 1. Depth, rock type and key direction of the drilled core samples
DPK: Disaster Prevention Research Institute of Kyoto University, GSJ: Geological Survey of Japan, Dr.: Diorite,
Grd.: Granodiorite

For the 5 core samples retrieved by the DPRIK, the 
localities are far from the Nojima fault plane which is 
penetrated at the depth of ca. 400 m by the Ogura 500 
m core drilled in the vicinity of the 1800 m core. On 
the other hand, for the 2 core samples retrieved by the 
GSJ, the localities are rather close to the main shear 
zone (MSZ, Tanaka et al., 1999) at the depth of 625 m, 
within 50 m vertical distance from the fault plane. 
The granodiorite core samples are significantly 
hydrothermally altered; plagioclase and biotite 
underwent a saussuritization and muscovitization, and 
chloritization, respectively. Except for sample 1 in 
which the volume fraction of quartz is small, mutually 
perpendicular three thin sections (one is horizontal, 
and the other two, one of which includes the key 
direction, are vertical) were prepared for microfabric 
analyses. For each of the mutually perpendicular three 
thin sections from samples 2 to 7, at least 100 
orientations of healed and open microcracks in quartz 
were measured, respectively with a universal stage 
under a microscope.

Here, the definition of healed and open 
microcracks is as follows. For healed microcracks, the 
open space created by microcracking is healed by 
crack healing processes (Smith & Evans 1984). Since

fluids which circulated through microcracks were 
trapped by the crack healing processes, healed 
microcracks are only recognized as arrays of fluid 
inclusions (fluid inclusion plane, FIP). On the other 
hand, for open microcracks the open space was sealed 
by minerals (mostly clay and mica minerals in the 
present samples) precipitated from the solution.

For each measurement of microcrack 
orientation, the unit vector normal to microcrack was 
calculated. Those unit vectors obtained for the 
mutually perpendicular two vertical thin sections were 
transformed to those in the frame of horizontal thin 
section. This way the orientation data from the 
mutually perpendicular three thin sections were 
combined (e.g. Vollbrecht et al. 1991; Takeshita 
1995).

PREFERRED ORIENTATION OF 
MICROCRACKS IN QUARTZ

HEALED MICROCRACKS

The orientation distribution for each sample 
was presented in Figs, la, 2a, 3a, 4a, 5a and 6a.

No. 2

Fig. 1. Upper-hemisphere and equal-area projections of poles of (a) 305 healed and (b) 171 open microcracks in 
the quartz grains from sample 2 in horizontal plane. Kamb contours and contour intervals are la. All the fabric 

diagrams have been plotted and contoured using the stereonet program by Allmendinger (1988).
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No.3

Fig. 2. Upper-hemisphere and equal-area projections of poles of (a) 294 healed and (b) 241 open microcracks in 
the quartz grains from sample 3 in horizontal plane. Kamb contours and contour intervals are 2a.

No.4

Fig. 3. Upper-hemisphere and equal-area projections of poles of (a) 335 healed and (b) 567 open microcracks in 
the quartz grains from sample 4 in horizontal plane. Kamb contours and contour intervals are 2a.

No. 5
N=314

Fig. 4. Upper-hemisphere and equal-area projections of poles of (a) 314 healed and (b) 322 open microcracks in 
the quartz grains from sample 5 in horizontal plane. Kamb contours and contour intervals are 2a.
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No. 6
N-3 8 2

E W

Fig. 5. Upper-hemisphere and equal-area projections of poles of (a) 468 healed and (b) 382 open microcracks in 
the quartz grains from sample 6 in horizontal plane. Kamb contours and contour intervals are 2<j.

No. 7

Fig. 6. Upper-hemisphere and equal-area projections of poles of (a) 210 healed and (b) 548 open microcracks in 
the quartz grains from sample 7 in horizontal plane. Kamb contours and contour intervals are 2a.

In samples 3, 4 and 5, healed microcracks which 
strike N-S-NW-SE and dip vertically (here referred to 
as orientation component A) most dominate, those 
which strike E-W-ENE-WSW and dip vertically (B) 
are also dominant, and a very small number of 
horizontally oriented microcracks (C) exists. These 
three orientation components of healed microcracks 
are roughly mutually perpendicular. The orientation 
distribution of healed microcracks in sample 2 is 
somewhat different from those in samples 3 through 5. 
In sample 2, vertical healed microcracks dominate, 
the strike of which greatly varies from NW-SE 
through E-W to NE-SW. In sample 6, the E-W- 
trending vertical component (B) is more dominant 
than the N-S-trending vertical component (A). In 
sample 7, only the component A dominates.

Note that there is no displacement of markers 
such as and grain boundaries (some of healed 
microcracks are transgranular) along healed 
microcracks, indicating that these microcracks are 
extension cracks. Hence, it is impossible to infer the 
chronological order of formation of differently 
oriented sets of microcracks.

OPEN MICROCRACKS

The orientation distribution of open 
microcracks for each sample was presented in Figs. 
Ib, 2b, 3b, 4b, 5b and 6b. The overall pattern 
(referring to fabric skeleton, not to the density of each 
component) of orientation distribution of open 
microcracks is similar to that of healed microcracks 
for each sample. Although components A, B and C 
also more or less appear in the orientation distribution 
of open microcracks in all the samples, their densities 
greatly differ from those of healed microcracks. In 
samples 3, 4 and 5, open microcracks oriented 
horizontally (C) are most dominant in contrast to a 
low frequency of this component for healed 
microcracks. Open microcracks belonging to 
component B are also dominant in all the samples. 
Open microcracks belonging to component A which 
is most dominant for healed microcracks are dominant 
in samples 3, 5 and 7, but are scarce in samples 2, 4 
and 6. Note however that the degree of concentration 
of component A is much higher for healed than for 
open microcracks in samples 3, 5 and 7. In samples 2 
and 3, microcracks which strike WNW-ESE and NE-
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SW and dip northward at 50° and 60°, respectively 
are also dominant. Also, in sample 6, NW-SE 
trending vertical microcrack is dominant. Such 
oriented components are almost absent for healed 
microcracks in the same samples. Note that there is no 
displacement of any markers along open microcracks, 
indicating that these microcracks are extension cracks.

DYNAMIC ANALYSIS USING THE KINK 
METHOD

The deformed quartz from the granodiorite 
core samples is very moderately plastically deformed 
which is indicated by the occurrence of kink bands 
and wavy extinction. The fact that kink band 
boundaries are in most cases parallel to the c-axis in 
grains containing kink bands suggests that the 
operative slip system was basal (0001) slip (e.g.

Carter & Raleigh 1969). When basal (0001) slip is the 
dominant slip system, one can infer the paleostress 
directions based on the preferred c-axis orientations of 
kinked and unkinked grains (so called the kink 
method, Takeshita 1995). Namely, grains with c-axis 
oriented at the intermediate orientation between the 
a\ (maximum principal stress)- and 03 (minimum 
principal stress)-axis most tend to kink because the 
highest shear stress is resolved on basal (0001) plane, 
while grains with c-axis oriented parallel to the 
principal stress directions least tend to kink because 
no shear stress is resolved on it.

c-axis orientations of both kinked and 
unkinked grains from sample 3 were measured 
separately with a universal stage (Figs. 7a & b).

-E w-K

Fig. 7. Upper-hemisphere and equal-area projections of c-axes of (a) 124 kinked, (b) 114 unkinked and (c) all of 
the 238 quartz grains from sample 3 in horizontal plane. Kamb contours and contour intervals are 2a. The 

inferred cq (or 03)-, 02-, 03 (°r cq)-axis and a\ (or o3)-o2 plane from the kink method are denoted by solid 
triangles, squares, circles and straight lines, respectively in Figs. 7a and b.

They are somewhat complementary indicating the 
favorable and unfavorable c-axis orientations, 
respectively for basal (0001) slip under stress. The c- 
axis orientations of kinked grains are most 
concentrated in NW-SE horizontal directions. The 
maximum c-axis orientation must coincide with one 
of the intermediate directions between the o\- and 

03-axis. Although two maxima are supposed to be 
distributed symmetrically at the intermediate 
directions between the o\- and crj-axis, no

symmetrical disposition of the maxima is found in the 
c-axis fabric of kinked grains perhaps due to the very 
weak c-axis preferred orientation in all the grains (Fig. 
7c).

Along the great circle almost parallel to the 
E-W trending vertical plane, c-axis orientations of 
kinked grains are sparsely populated, while those of 
unkinked grains are densely populated (Figs. 7a & b). 
Therefore, it is inferred that the nearly E-W trending 
vertical plane is the 02-03 or oi-o2 plane, because 
the resolved shear stress on basal (0001) plane is
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relatively low in these c-axis orientations. The 
orientation of the maximum c-axis concentration 
nearly parallel to the vertical direction in unkinked 
grains could be parallel to the 02-axis. This way the

01-, o2- and 03-axis are inferred to be nearly N-S or 
E-W trending and horizontal, nearly vertical, and 
nearly E-W or N-S trending and horizontal, 
respectively (Fig. 7).

DISCUSSION AND CONCLUSIONS

The association of intracrystalline gliding 
and healed microcracking in the quartz suggests that 
the deformation in the quartz probably occurred at 
subgreenschist conditions around 300 °C (also the 
conditions for brittle-ductile transition in quartz, e.g. 
Takeshita 1995) closely associated with a 
hydro thermal activity. There are neither volcanoes nor 
hot springs in the Nojima district. Hence, assuming a 
geothermal gradient of 30 °C/km it seems unlikely 
that during the Quaternary period high temperature
fluids around 300 °C circulated at the depth of less 
than 1 km (2-3 km even considering the uplift during 
the Quaternary period) where the granodiorite core 
samples were collected. Hence, the intracrystalline 
gliding and healed microcracking in the quartz under 
subgreenschist conditions could have occurred during 
a hydrothermal event before Quaternary. It can be 
most reasonably concluded that healed microcracks in 
the quartz formed in Late Cretaceous (around 85 Ma) 
immediately after the solidification of the granodiorite 
when it was still hot enough.

Based on the fact that healed microcracks 
striking N-S~NW-SE and dipping vertically 
(component A) most dominate, it could be inferred 
that the 03 direction trended E-W-NE-SW and
plunged horizontally at the time of microcracking (Fig. 
8).

_ Considering also the result of the kink 
method, the oi-axis perhaps trended N-S~NW-SE 
and plunged horizontally (parallel to the pole of B- 
component of microcrack) at the time of healed 
microcracking and moderate plastic deformation in 
the quartz (Fig. 8).

The inferred paleo-oi direction does not
agree not only with the well known E-W trending 
compression in southwest Japan during Quaternary 
(e.g. Okada & Ando 1979), but with the result of in- 
situ measurement of stress orientation at the vicinity 
of the Nojima fault using the borehole breakout 
method (the oi-axis is oriented horizontally in

N45°W direction, Tsukahara et al. 1998). Rather, the 
inferred paleostress field conforms to that in 
southwest Japan during Late Cretaceous, which 
caused a pervasive left-lateral transcurrent faulting 
along E-W-NE-SW trending faults in southwest 
Japan (e.g. Otsuki and Ehiro 1978; Hara et al. 1980).

The intense microcracking in the quartz grains may 
have been related with the formation of the proto- 
Nojima fault which could have been activated as a 
left-lateral fault (Fig. 8).

NO. 3, He

Fig. 8. Projection of the inferred principal stress 
directions from the preferred orientation of healed 
microcracks in the quartz grains in horizontal plane, 
superposed on the orientation distribution of poles of 
healed microcracks in sample 3. Upper-hemisphere 
and equal-area projections. The inferred oi~, a2~ a°d 

o3-axis are denoted by solid triangle, square and 
circle, respectively. Solid curved and straight lines 
denote the projections of the inferred a\-o2 plane and 
the proto-Nojima fault plane, respectively. The arrows 
indicate the inferred sense of shear along the proto- 
Nojima fault under the paleostress field.

Since the overall patterns of preferred 
orientation of open and healed microcracks are similar, 
it is inferred that both types of microcracks could 
have formed under the same paleostress field at the 
same time. However, for healed microcracks both the 
orientation components which strikes N-S-NW-SE 
and dips vertically (A), and strikes NE-SW-E-W and 
dips vertically (B) dominate, whereas for open 
microcracks both the orientation components B and C 
(those oriented horizontally) dominate. We 
interpreted these differences in the dominant 
orientation between healed and open microcracks in 
the following way.

The time necessary for crack healing in 
quartz strongly depends on temperature conditions. 
According to Smith and Evans (1984) a crack which 
heals completely in 2 days at 400 °C would require 
several months at 200 °C. It is likely that the fluids 
which penetrated into fault zones were cooled rapidly 
by relatively cooler host rocks unless the fault zones
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were extremely wide. For example, the time constant 
for cooling for a fault zone of 10 m width heated by 
hot fluids is an order of year (here a thermal 

diffusivity of 10~6 m^/s is assumed). Therefore, the 
healing of microcracks could have occurred 
immediately after the microcracking and injection of 
hot fluids into the fault zone when the fluids were so 
hot that crack healing occurred very rapidly.

The tensile strength in the quartz was first 
exceeded in the direction of the crj-axis as pore fluid 

pressure increased, resulting in the formation of 
microcracks perpendicular to the o3-axis. However, 

since the formation of numerous healed microcracks 
perpendicular to the 03-axis may have led to an 

almost complete release of residual stresses in this 
direction, the subsequent microcracking probably 
occurred perpendicular to the o2-axis (and further

perpendicular to the ol-axis), as the tensile strength in

the quartz was exceeded in these directions by the 
buildup of pore fluid pressure (successive release of 
residual tectonic stress in the principal stress 
directions as proposed by Takeshita 1995).

As the time went on, the temperatures in the 

fault zone were decreased below say 200 °C, resulting 
in the sluggishness of formation of healed 
microcracks. Hence, minerals (mostly clay minerals) 
which were dissolved in the fluids precipitated in the 
open spaces created by microcracking, leading to the

formation of sealed open microcracks below 200 °C. 
During the formation of open microcracks, the 
residual stresses in the a\ and 02 directions were 

mostly released, resulting in the development of such 
preferred orientation of open microcracks that both 
the components B and C dominate.
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ABSTRACT
We investigate chemical composition of GS J core and compared with geological columnar based on 

naked observation. And then it become clear that the necessity of suitable geological columnar to compare with 
chemical composition exactly. For the purpose of it, we considered a method that determined the quantity of 
fault rocks. Fault rocks were formed under influence of both of deformation and alteration, or either of them. 
Therefore, we try to determine the quantity of GSJ core using two axes of deformation and alteration (the 
vertical axis; alteration, the horizontal axis; deformation). As deformation is action of destruction, we use the 
fracture density of surface of the core as an index of deformation. Fault gouge and altered rocks that have 
notable alteration contain plenty of clay minerals and carbonate minerals. Clay minerals contain a large quan 
tity HzO and carbonate minerals contain CO2 in the structure. So we use the content of (HzO+ COz) of the core 
as an index of alteration. In this study, we use the Loss of ignition (LOI) of the core as an index of alteration. As 
a result, it is considered that division of fault rocks by naked observation and by measurement of the fracture 
density, LOI are almost correspond. However, we can not get clear border of division. It is suspected that we 
need to increase samples, and we must investigate the way that give suitable quantitatively estimation.

l.Outline of fault rock distribution in GSJ core
To begin with , we observed all core of GSJ 

core (152.24m~746.60m) , investigated fault rock 
distribution, and made geological columnar (Tanaka 
etal. 1999,Fig.l).
GSJ core is mainly composed of granodiolite , and 
with porphyry as a intrusive rock. On the main shear 
zone , weakly pulverized-and altered granodiolite , 
cataclasite, fault breccia, altered rocks, fault gouge 
are distributed (Ito et al.1996 ; Tanaka et al.1998 ). 
And, there are seven notable shear zone in GSJ core 
from a depth of 530m to a depth of 710m ( Tanaka et 
al. 1999).

2.Whole-rock geochemical analyses
We refer to results of whole-rock geochemi 

cal analyses. To investigate about income and expen 
diture of substance transfer of fault rocks, we exam 
ined whole-rock geochemical analysed data using by 
X-ray flourescence. For that purpose , we adopted 
data of Tanaka et al. ( 1999 )

Legend

Porphyry

«n*r*d- grancxttoMt* 

Fault brood*

^ H Alt*r»d rocks 

| | No Cora

Fig.l Geological columnar of GSJ core
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Fig.2 The data of whole - rock geochemical analyses
Major- and Trace- elements data were normalized by the standard data. Standard data are under chemical
formulas or symbol of elements

In this research, they picked samples at inter 
vals of 50m from a depth of 150m to main shear zone 
near by depth of 600m and at intervals of 2.5m from 
main shear zone to a depth of 710m. In all, they ana 
lyzed 94 samples.

In these analyzed data, we took the average of 
four samples within the shallow depth which have 
little deformation and alteration, and use it a standard 
data. And, we normalized all data by it.

As for major-element, 10 elements which

measured by X-ray flourescence analysis and the 
Loss of ignition ( LOI ) (HzO- is adsorptive water , 
and H2O+ is water of crystallization ) compensate for 
100%. We normalized these major- and trace- ele 
ments were by the standard data and compared with 
correspond the geologic columnar (Fig.2 ). Accord 
ing to the result, all elements vary from near a depth 
of 490m to more deeply parts. As to major-elements, 
all elements except SiCh, NaCh, KzO and JfcCH- ob 
viously decrease. And all elements show increase
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Fig.3 Diagram of division of fault rocks. 
( Kobayashi, 1998 )
This diagram is based on the naked obser 
vation of the core, 
a: Fresh granodiolite 
b: Comparatively fresh granodiolite

Weakly pulverized
altered granodiolitej

1 2 
Deformation

and decrease trend at shear zones. As to trace-ele 
ments , all elements except Y, Rb, Th, Pb, Ce and 
La obviously decrease. As well as major-elements , 
all elements show increase and decrease trend at 
shear zones as for trace-element. H2O+ has large in 
crease at shear zones. In these results, it is considered 
that each elements transfer around shear zones by the 
medium of lbO+.

3. A fixed quantity of division of fault rocks
Fault rocks in GSJ core are divided semi- 

quantitatively based on the naked observation of the 
core ( Kobayashi, 1998 , Fig.3) On a discussion of 
chemical composition, it is important that we define 
clearly to division of fault rocks. And , these fault 
rocks were formed under influence of both of defor 
mation and alteration, or either of them (Tanaka at al. 
1999 ). However , this division of fault rocks is not 
quantitative. So we try to determine the quantity of 
GSJ core using two axes of deformation and alter 

ation.
As deformation is action of destruction , we 

use the fracture density of surface of the core as an 
index of deformation. Fault gouge and altered rocks 
that have notable alteration contain plenty of clay 
minerals, carbonate minerals. Clay minerals contain

a large quantity fhO , carbonate minerals contain 
CCh in the structure, so we use the content of (HaO + 
CCh) of the core as an index of alteration. In this 
study , we consider LOI of samples is approximate 
value of the content of (HzO + CCh) , so we use the 
LOI of the core as an index of alteration.

3-1 .The method of measurement of the fracture den 
sity

On measurement of the fracture density , we 
used 76 samples of GSJ core selected by the naked 
observation. We show the method of measurement 
(Fig.4) 
3-1-1.Trace of cores and draw several lines

We put OHP-sheet on a core, and traced a fig 
ure of core. We drew several vertical and horizontal 
lines on the trace. The number of these lines depend 
on core size. 
3-l-2.Trace of fractures

We traced parts piled up fracture on the lines. 
In case there are fill minerals , we measured that 
width, and in case there are porphyroclast, we didn't 
trace there.

  143  



1, Trace of core and draw several lines

OHP-shcct

2, Trace of fractures

Porphyroclast

3.The calculation of fracture density

Fractures

Fig.4 The method of measurement of the XHn/H X I Wn/W X 100 (%) 

fracture density.

Hn(Hl,H2.....) 
Wn (Wl, W2..... )

3-l-3.The calculation of fracture density
We suppose that vertical line length is H , 

horizontal line length is W , and vertical lines width 
on the line we trace are Hn ( H1.H2.... ) , horizontal 
lines width are Wn (W1.W2....). Next, we multiply 
the value ( 2 Hn/H ) that divided total of vertical 
lines width ( 2 Hn ) by vertical line length ( H ) by 
value ( 2 Wn/W ) that divided total of horizontal 
lines width ( 2 Wn ) by horizontal line length ( W ). 
Then that value indicated percentage is fracture den 
sity. In case there are several vertical or several hori 
zontal lines , we got an average. 
Fracture density = ( 2Hn/H)X( 2 Wn/W)

3-2.The calculation of LOI
On the calculation of shear density , we made 

powder samples from same samples calculated shear 
density. We show the method of measurement 
3-2-1.Washing , crush , measurement of sample's 
weight

We pick up well-balanced point of samples , 
and for excepting mud water, wash them by super 
sonic waves washer. After then, we made them dry at 
60*C in the dry machine for one day. So, we crushed 
them by an agate-mortar. Lastly, measured sample's 
weight. 
3-2-2.Exceptting adsorptive water

We excepted adsorptive water at 110*C in the 
dry machine for 3 hours. After then , we measured 
sample's weight ( weight after 110*C ) except adsorp 
tive water. 
3-2-3. Ignition

We excepted constitution water from samples 
excepted adsorptive water at 1000*0 in the hearth for 
3 hours. And then , we measured sample's weight ( 
weight after 1000*0 ) except water of crystallization. 
3-2-4.The calculation of LOI

The value subtract weight after 1000*0 from 
weight after 110*C is a loss in weight after 1000 *C.
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That value is weight of constitution water. We di 
vided this weight of water of crystallization by 
weight after 110*C , and then that value indicated per 
centage is LOI.
LOI ( wt% ) = loss in weight after 1000 tV weight 
after 110t;x 100

4.Results
We made Fracture density - LOI comparative 

figure ( Fig.S). We can look some character. 
4-1.The parent rock (Granodiolite)

Both fracture density and LOI value indicate 
low. 
4-2. Weakly pulverized-and altered granodiolite

Fracture density value indicates low , LOI 
value indicates from comparatively low to high.

4-3.Cataclasite
Fracture density value indicates compara 

tively high. 
4-4.Fault breccia

Both fracture density and LOI value indicate 
comparatively high. 
4-5.Altered rocks

Fracture density value indicates low, and LOI 
value indicates high. 
4-6.Fault gouge

Both fracture density and LOI value indicate 
high.
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S.Discussion and conclusion
It is suspected that as deformation and alter 

ation go by , fracture density and LOI indicate in 
crease. It is considered that division of fault rocks by 
naked observation ( Fig.3 ) and by measurement of 
the fracture density and LOI (Fig.5 )are almost corre 
spond.

However, we can not get clear border of divi 
sion. It is suspected that we need increasing samples, 
and we must investigate the way that give suitable 
quantitatively estimation. So, we think we will ana 
lyze substance transfer minutely by whole-rock 
geochemical analyses.
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plane of the fault. The clay core region, however, 
will impede fluid flow across the fault.

ABSTRACT

The 1995 Hyogoken-Nanbu (Kobe) 
earthquake, M=7.2, ruptured the Nojima fault. 
We have studied core samples taken from two 
scientific drillholes which crossed the fault zone 
in the epicentral region on Awagi island. The 
shallower hole, drilled by the Geological Survey 
of Japan (GSJ), was started 75m to the SE of the 
surface trace of the Nojima fault and crossed the 
fault at a depth of 624m. A deeper hole, drilled 
by the National Research Institute for Earth 
Science and Disaster Prevention (NIED) was 
started 302m to the SE of the fault and crossed 
fault strands below a depth of 1140m. We have 
measured strength and matrix permeability of 
core samples taken from these two drillholes. We 
find a strong correlation between permeability 
and proximity to the fault zone shear axes. The 
width of the high permeability zone 
(approximately 20 to 40m) is in good agreement 
with fault zone width inferred from trapped wave 
analysis and other evidence. The fault zone core 
or shear axis contains clays with permeabilities 
of approximately 0.1 to 1 microdarcy at 50 MPa 
confining pressure. Within a few meters of the 
fault zone core, the rock is highly fractured but 
has sustained little net shear. Matrix permeability 
of this zone is approximately 100 microdarcy at 
50 MPa confining pressure. Outside this damage 
zone, matrix permeability drops to sub-nanodarcy 
values. The clay-rich core material has the lowest 
strength with a coefficient of friction of 
approximately 0.55. Shear strength gradually 
increases with distance from the shear axis. These 
permeability and strength observations arc 
consistent with fault zone models in which a 
highly localized core or shear zone is surrounded 
by a damage zone of fractured rock. In this case, 
the damage zone will act as a high-pcnncability 
conduit for vertical and horizontal flow in the

INTRODUCTION

The scientific drillholes crossing the Nojima 
fault at depth in the epicentral region of the 1995 
Kobe earthquake, M=7.2, provide a unique 
opportunity to study the mechanical and fluid 
transport properties of an active fault 
immediately after a major rupture event. Most 
first hand evidence of the properties of active 
faults comes from examination of surface 
exposures which have typically undergone long 
and complicated histories of uplift and alteration. 
Examination of fault rock associated with rupture 
nucleation or significant energy release on strike- 
slip faults presents a particular problem since 
there is little vertical slip to bring deeper rocks to 
the surface. Seismic, gravity, electromagnetic and 
other remote sensing techniques can provide 
information about the deep structure of active 
faults, but a complete understanding of fault zone 
properties in the hypocentral regions of damaging 
earthquakes will require direct observation by the 
drilling of deep scientific boreholes.

Numerous laboratory and field observations 
have shown that earthquakes, representing the 
dynamic faulting process in the brittle crust, 
involve breaking and crushing of grains and the 
progressive growth of the fault zone. A typical 
fault zone structure, as suggested by studies of 
exhumed faults [Chester et ai, 1993; Caine el 
ai. 1996; Caine and Forster, 1999], includes a 
narrow clay-rich or fine-grained core surrounded 
by a damage zone of highly fractured rock. The 
bulk of the shear deformation associated with the 
fault occurs in the narrow core zone, implying 
that this is the weakest portion of the fault 
structure. However, due to the fine grain size of 
the clay or crushed material in the fault core, it is 
expected to have a relatively low permeability.

  147



The surrounding damage zone contains a high 
density of microcracks, both within and between 
grains, but is likely to have sustained relatively 
little total strain. Similar structures have been 
observed in laboratory samples that have been 
loaded to failure [Moore and Lockncr, 1995]. If 
the fault occurs in low-porosity crystalline rock 
(such as the Nojima fault), the high crack density 
in the damage zone results in significant pore 
volume increase and an increase in transport 
properties such as fluid permeability [Caine et 
ai. 1996; Caine and Forster, 1999] and electrical 
conductivity [Lockner and Byerlee, 1986]. The 
contrast in material properties between damage 
zones associated with active faults and the 
surrounding country rock can often be observed 
with remote geophysical techniques such as 
magnetotelluric and seismic profiling. Most 
recently, trapped seismic waves, in which the 
fault zone acts as a waveguide, have been 
observed in active faults [Li and Leary, 1990; 
Ben-Zion, 1998], and in particular on the Nojima 
fault [U et al, 1998].

In the present study, we report on laboratory 
tests of 22 core samples taken from the NED 
and GSJ drillholes following the Kobe 
earthquake. Rock strength and matrix 
permeability measurements were carried out to 
provide fault zone properties for profiles across 
the fault at two depths. Due to the limited 
number of samples and the difficulties associated 
with sample preparation, this study was intended 
to be exploratory in nature. In fact, the 
permeability and strength measurements are in 
excellent agreement with the idealized fault 
structural model described above. The GSJ 
borehole showed a single clay-rich shear zone at a 
depth of 624 m. The NIED hole showed two 
clay-rich shear zones at depths of 1140 m and 
1320 m. A more diffuse shear zone was also 
crossed at about 1800 m (see Fig. 1). These three 
zones are referred to, respectively, in this paper as 
the shallow, intermediate and deep NIED shear 
zones. Strength and permeability measurements 
reported here, as well as pctrographic 
observations presented by Moore (this volume), 
all indicate that unlike the other shear zone 
crossings, the deep shear xonc was not activated 
by the 1995 Kobe earthquake.

EXPERIMENTAL TECHNIQUE

Protolith rock for the Nojima fault in the 
vicinity of the boreholes is a biotitc-hornblcndc

DRILLHOLE/FAULT GEOMETRY 
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Figure I. Schematic diagram of the Nojima fault 
in the vicinity of the JSG and NIED drillholes, 
showing the depths at which shear zones were 
intersected.

granodiorite (see, for example, Moore in this 
volume). A set of 22 samples were selected from 
the NIED and GSJ boreholes. Due to this limited 
number, sample selection was concentrated about 
the obvious shear zones in an attempt to obtain 
representative profiles across the fault zone 
structures. Significant variability of rock type 
exists in the shear zones and a more complete 
evaluation of fault zone properties would require 
a much denser and more systematic sampling of 
the core than was possible in this study. Preferred 
sample dimensions were nominally 25.4 mm- 
diameter by 50.8 mm-length cylinders. Much of 
the core (especially in the damage zones) had 
little or no cohesion and contained hard grain 
fragments. As a result, many samples were 
impossible to prepare to these preferred 
dimensions. Most samples that could not be 
prepared as cylinders were cut into rectangular 
prisms with 18.0 mm-squarc cross-sections. The 
clay-rich shear zone core samples were available 
in limited quantities and sliced to provide 2-mm- 
thick wafers. These were placed between porous 
sandstone driving blocks cut al an angle of 30° to 
the sample axis.

Samples were jacketed and loaded in a 
standard triaxial deformation apparatus. Each 
sample was evacuated and then saturated with
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distilled, deionized water. Permeability was 
measured using a constant flow rate method at 
effective confining pressure of 10, 30, and 50 
MPa. Test samples were oriented parallel to the 
original borehole cores so that the reported 
permeability and strength data are essentially for 
flow and maximum compressive stress oriented 
subvertically. No attempt was made to determine 
anisotropy in either permeability or strength. 
Following the hydrostatic permeability 
measurements, each sample was loaded 
incrementally at constant effective confining 
pressure of 50 MPa until failure occurred. 
Following each strain increment along the 
loading path, deformation was halted and 
permeability was determined as indicated in Fig. 
2. After peak stress, deformation continued to 5 
mm axial shortening at a rate of 1 (am/sec with 
periodic pauses to repeat permeability 
measurements.

Accuracy of the permeability measurements 
is difficult to determine since some samples had 
less than ideal surface finishes and some 
permeabilities were near both the high and low 
limits of our measuring capabilities; sample 
permeabilities ranged from less than IxlO"9 to 
3xlO'3 Darcy (1 Darcy = 10' 12 m2). The lower 
limit for our measuring system was ±0.3 nDa. 
Absolute permeability uncertainties reported here 
are less than ±25% while relative uncertainties in 
a single experiment are 5 to 10%.

RESULTS

Permeability is plotted as a function of axial 
stress for a representative set of samples from the 
NIED borehole in Fig. 2. The first three 
measurements of each test at 10, 30, and 50 MPa 
were conducted without diviatoric stress and 
represent the permeability loss due to an increase 
in effective confining pressure. Permeability 
typically dropped by two orders of magnitude as 
microcracks closed in response to this hydrostatic 
loading. The remainder of the curves at axial 
stress above 50 MPa in Fig. 2 represent the 
deformation test at 50 MPa effective confining 
pressure. Initially, all samples showed loss of 
permeability wilh increasing diviatoric stress. By 
approximately 50% peak stress, most samples 
began to show increasing permeability with 
increasing diviatoric stress. This reversal from 
permeability decrease to permeability increase 
corresponds with the onset of dilatancy and the 
opening of microcracks within the sample (sec,

for example, [Zoback and Byerlee, 1975] and 
similar trends in electrical conductivity [Lockner 
and Byerlee, 1986]). The clay-rich shear zone core 
sample did not show dilatant behavior. Instead, it 
showed a steady loss of permeability with 
continued shearing and strain hardening. The 
protolith granodiorite shown in the bottom 
curve, Fig. 2, is a dense crystalline rock with 
low matrix permeability. Application of 
diviatoric stress reduced the permeability below 
the measurement threshold of our test system. By 
400 MPa axial load, however, new dilatant cracks 
had increased permeability to a measurable level 
which continued to increase to peak axial load of 
483 MPa. Another trend observable in Fig. 2 is a 
systematic decrease in peak strength of samples 
from the intact protolith, through the damage 
zone samples to the shear zone core sample. The 
low strength of the shear zone core is consistent 
with the concentration of shear deformation in 
this zone.

Rock Strength

Care was take during sample preparation to 
preserve the intrinsic grain structure and cohesion 
as much as possible. Obvious changes did occur 
in the samples due to drying and decompression 
of the original cores. However, these changes

PERMEABILITY VS STRESS IN NIED SAMPLES
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Figure 2. Permeability plotted versus axial load 
for selected NIED samples. Prcssurization to 50 
MPa is hydrostatic loading without diviatoric 
stress. Data above 50 MPa show permeability 
change in response to sample deformation at 50 
MPa effective confining pressure.
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were minimized as much as possible with the 
expectation that the in situ rock properties would 
be preserved to large extent One way to evaluate 
this is to look for trends in the peak strength data 
for the various samples. Samples were tested at 
50 MPa effective confining pressure, which is 
equivalent to approximately 3 km burial depth 
(assuming hydrostatic pore pressure gradient and 
average rock density of 2.7 g/cm3), to provide an 
easy means of comparing sample to sample 
strength. Peak strength data are presented in Fig. 
3 as the ratio of shear to normal stress (|i) 
resolved on a plane inclined 30° to the sample 
axis. The actual inclination of the fracture plane 
was difficult to determine in many of the strength 
tests, so that 30° provides a satisfactory 
approximation for comparison of different 
samples. Peak differential stress, OA, which is the 
quantity measured directly in the experiments, 
can be recovered from the data in Fig. 3 by the 
formula OA = 200u/(1.732-u) (in MPa). 
Normalized strength for the intact granodiorite 
protolithisMiM>c,= 1.18.

The horizontal axis in Fig. 3 is the 
horizontal distance between the shear zone axis 
and the in situ location of each core sample. No 
disdnct shear zone axis could be identified for the 
deep NIED shear zone so the horizontal axis in 
Fig. 3d could be shifted by a few meters. Notice 
that the three fault crossings with well-defined 
shear zone cores (Figs. 3a, 3b and 3c) all show a 
minimum in strength at the shear zone axis. This 
is consistent with the model described above in 
which nearly all displacement occurs in the 
narrow fault core (a zone that is only a few 
centimeters wide in all three examples). The 
general trend in these three examples is for 
strength to gradually increase with distance away 
from the shear zone axis. This gradual strength 
increase corresponds to a decrease in microcrack 
damage (i.e., Moore this volume and [Moore aid 
Lockner, 1995]). Damage zone half-width as 
suggested by the strength data in Figs. 3a - 3c is 
15 to 25 m.

The deep NIED shear zone (Fig. 4d) is 
different from the other three examples. No 
distinct shear zone core was observed in the 
borehole samples. While three of the core 
samples showed strength significantly less than 
the protolilh strength (u - 0.8 as compared to 
1.18), rock strength from this zone is 
significantly greater than the shallow shear zone 
core samples (u - 0.6). Apparently this deep 
/.one was not activated in the Kobe earthquake

and has, over time, been restrengthening by vein 
filling and mineral alteration.

Rock Matrix Permeability

We have already noted that the permeability 
of all samples tested shows a strong sensitivity 
to increases in effective confining pressure. The 
examples plotted in Fig. 2 all show a decrease of
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two orders of magnitude for a 50 MPa pressure 
increase. This pressure sensitivity is indicative of 
rocks in which flow is through low aspect ratio 
cracks (long, thin microcracks) which can open 
or close flow paths in response to small pressure 
changes. This type of microcrack is more 
susceptible to changes in permeability resulting 
from vein filling than the more equant pores that 
might be found, for example, in a porous 
sandstone.

Because of the strong pressure sensitivity of 
permeability in these samples, we expect that in 
situ permeability in the Nojima fault zone will 
decrease rapidly with depth. For example, the 
GSJ samples, with a fault crossing depth of 624 
m would have an effective overburden pressure of 
approximately 11 MPa while the intermediate 
NIED crossing overburden pressure would be 
about 22 MPa. The peak damage zone 
permeabilities adjusted for these effective 
pressures would then be 3.3 mDa and 0.45 mDa, 
respectively.

To provide a more direct comparison of the 
different fault zone permeability measurements, 
we have plotted permeability profiles in Fig. 4 
using values from 50 MPa effective confining 
pressure or 3 km burial depth. In situ 
permeabilities for the GSJ hole (at 11 MPa) 
would be about 50 times larger that the values 
shown in Fig. 4. As with the strength data, the 
three shallow crossings show permeability 
profiles similar to the idealized fault zone model 
described above. The shear zone axis, due to its 
high clay content and fine gouge grain size, has 
relatively low permeability in the microdarcy 
range. Flanking the shear zone axis, the highly 
fractured damage zone has permeabilities in the 
50 to 100 microdarcy range. Farther away from 
the fault zone axis, grain damage and 
permeability decrease until permeability returns 
to the protolith permeability value. The damage 
zone half-width, as indicated by the permeability 
profiles ranges from 10 to 25 m. Based on 
trapped seismic wave analysis, Li et al. [1998] 
suggested a fault zone half width of 
approximately 15m for the Nojima fault. Thus, 
direct measurements of both the permeability and 
strength of the fault zone indicate a damage zone 
half width that is consistent with the deeper 
seismic observations. The NIED borehole deep 
shear zone has permeability thai is greater than 
the protolith permeability but significantly less

MATRIX PERMEABILITY

10 

10'* 

10* 

1C'7

.« »

I 10-
.0
 

F in"
0.

10-

10-

III I I 1 1

NIEDI
r"o«ep j

r

"" "***"*

lorahole
ihearZonc

...........

:

.

« ** X^S-;x \j
...^.(^XX ............
A\\X\\>

(d) :

1

"""""i

/ f / * f ,' n f t+r \f f f i .- .- .1 f f f i
 20 -10 0 10 20 

Horizontal Distance Irom Shear Zone, m

Figure 4. Profiles of matrix permeability 
measured at 50 MPa effective confining pressure. 
The three upper fault crossings show a low 
permeability shear zone axis surrounded by high 
permeability damage zones. The deep shear zone 
is partially scaled and was apparently not 
activated by the Kobe earthquake.

  151  



than the shallower shear zone values. Thus both 
strength and permeability data suggest that the 
deep shear zone was not activated in the Kobe 
earthquake and is now in the process of sealing 
and restrengthening.

DISCUSSION

Our measurements of core sample strength 
and permeability are in good agreement with the 
idealized fault zone model described, for example, 
by [Chester et al, 1993; Came et al, 1996; 
Evans et al., 1997]. We observe a thin, low- 
strength, low-permeability fault zone core flanked 
by zones of high permeability rock that have 
undergone relatively limited total shear. These 
observations imply that to depths of as much as 
3 to 5 km, the post-seismic fault zone will act as 
a high permeability fluid conduit for fluid flow in 
the plane of the fault. Because the fault core has 
low permeability it is likely to act as a barrier to 
fluid flow across the fault. However, this barrier 
is notably thin and may have a complex 
structure. For example, the Nojima fault zone 
appears to have branched into two shear zones 
between the GSJ and NIED borehole crossings. 
To the degree that this thin shear zone core is 
spatially discontinuous and anastomosed, its 
ability to act as a fluid barrier will be diminished.

The observations reported here provide a 
unique opportunity to understand fault zone 
properties at depth following a damaging 
earthquake. While we do not know the 
mechanical and hydraulic properties of the 
Nojima fault before the Kobe earthquake, it is 
likely that the violent rupture of the fault led to a 
sudden increase in permeability. This is 
consistent with observations following the 1989 
Loma Prieta earthquake that enhanced fluid flow 
occurred in the epicentral region [Rojstaczer and 
Wolf. 1992]. One important question not 
addressed by this study is how rapidly the 
enhanced fault zone permeability structure will be 
reduced by sealing and crack healing processes. 
The observation of increased strength and 
decreased permeability in the deep NIED shear 
zone indicate that these processes can have 
significant influence on fault zone mechanics 
over the lifetime of an active fault. If this scaling 
and restrengthening process can occur over a 
single earthquake cycle, it could have an 
important influence on repeal time, stress drop 
and rupture nuclcation.
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ABSTRACT

The permeability of fault zone material is key to 
understanding fluid circulation and its role in 
earthquake generation. In this paper, permeability 
results from four different scientific drillholes are 
discussed in relation to recent studies on core samples 
from the Nojima Fault. This comparison illustrates 
the advantages and limitations of laboratory studies on 
extracted core samples. We observe that matrix 
permeability of core samples is extremely low, 
suggesting that most fluid flow at depth will occur 
through discrete joints and faults rather than through 
the bulk of the rock. The permeability of deep core 
samples is also more sensitive to pressure than 
equivalent rocks obtained from surface outcrops. In 
addition, stress-relief and thermal fractures due to 
coring and extraction may influence laboratory 
permeability measurements, most typically for deeper 
rocks and those containing abundant quartz.

INTRODUCTION

Scientific drillholes through the Nojima Fault by 
the University Group, the Geological Survey of Japan 
(GSJ) and the National Research Institute for Earth 
Science and Disaster Prevention (NIED) provide 
unique information on the physical properties of rocks 
in an active fault zone. These drillholes cross the 
fault at depths of 389 m, 624 m, and below 1140 m 
respectively, sampling a variety of materials including 
a clay-rich fault core, a fractured zone adjacent to the 
fault and intact rock beyond the fracture zone. Naka el 
al. (1998) reported on the permeability and shear 
strength of core samples extracted from the GSJ and 
NIED drillholes at various distances from the fault 
zone. They found that permeability in the shear zone 
was low (-10"'** m2) due to the presence of the clay 
minerals; that the fractured zone had a higher 
permeability of around 10"'^ m2 ; and that the intact 
zone more distant from the fault had permeability 
values of less than IO"2 ' m2 . These results suggest 
that the damaged zone on either side of the fault can 
act as a conduit for fluids parallel to the fault, but that 
the low permeability clay-rich shear zone will impede 
flow across the fault.

The core samples studied provide a picture of 
conditions in the upper crust adjacent to an active 
fault. However, because earthquakes can be generated 
at great depths and in many different environments, 
we arc also interested in how the physical properties 
of extracted core samples depend on factors such as

depth of burial, in situ pressure, rock type, and the 
effects of weathering and stress-relief fracturing. This 
paper summarizes the permeability results of core 
samples from four other scientific drillholes, so that 
the lessons learned can be applied to the Nojima Fault 
studies. These drillhole sites include Cajon Pass in 
California, Kola in Russia, KTB in Germany, and 
Illinois UPH 3. Results show that (a), the matrix 
permeability of most crystalline rock samples is 
extremely low due to repeated episodes of 
hydrothermal healing and sealing, so that the bulk 
permeability of large rock masses is largely controlled 
by flow through fractures and joints; (b), weathering 
of near-surface rocks reduces the pressure sensitivity 
of permeability, so that permeability behavior 
determined from near-surface samples cannot be 
extrapolated to depth; and (c), in many cases, stress- 
relief fractures introduced during coring and extraction 
dominate the physical properties of the rocks, 
particularly for samples that contain quartz.

SUMMARY OF CORE SAMPLE 
PERMEABILITIES

Cajon Pass, California
At Cajon Pass in Southern California, a hole was 
drilled to a depth of 3500 m 4 km to the northeast of 
the San Andreas Fault to investigate the 
thermomechanical nature of this fault. Rocks selected 
for laboratory permeability studies included 
granodiorites, monzogranites and gneisses. 
Permeability measurements (Figure 1) were made on 
the core samples at confining and pore pressures that 
matched the in situ pressures for each sample depth 
(Morrow and Byerlee, 1992), so that each data point 
in Figure 1 represents a different sample. 
Permeability of unfractured samples (solid symbols, 
Figure 1) decreased systematically with depth from 
IO* 18 to IO"22 m2 al effective pressures of only 5 to 
50 MPa, indicating a strong pressure sensitivity of 
permeability. Values for the relatively few specimens 
containing visible stress-relief fractures (open 
symbols, Figure 1) were one to two orders of 
magnitude higher than the unfracturcd samples, but 
still in the comparatively low permeability region of 
10' 19 to 10' 20 m2 . Pctrographic observations 
indicate that repealed episodes of healing and scaling 
account for the overall low permeability values, 
which were several orders of magnitude below bulk 
downholc measurements. Accordingly, the laboratory 
measurements should be considered a lower limit to 
permeability. The results suggest that massive water
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circulation through the mass of the rock is unlikely as 
a mechanism for obscuring the heat flow anomaly 
that would be expected if shear stresses acting on the 
San Andreas fault to cause slip were high. This 
finding is consistent with geochemical evidence 
(Kharaka el al., 1988) of little mixing of the pore 
waters sampled from different sections of the 
borehole.

Cajon Pass, California
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Figure 1. Permeability of intact (closed symbols) and 
fractured (open symbols) crystalline rock samples 
from the Cajon Pass drillhole in California under 
estimated in situ effective pressure conditions. 
Measurements in three mutually perpendicular 
orientations show the extent of permeability 
anisotropy.

Kola, Russia
Core samples from the 11 km deep Kola drillhole 

in Russia included granodiorite gneisses, basalts and 
amphibolites. Laboratory permeability tests were 
conducted to determine the pressure sensitivity of 
permeability and to compare the effects of stress-relief 
and thermal microcracking on the matrix permeability 
of different rock types (Morrow et al., 1994). 
Permeability was measured on each sample under a 
scries of increasing confining pressures. The 
permeability of the basaltic samples (Figure 2) was 
the lowest and most sensitive to pressure, ranging 
from I0~ 20 to 10~ 23 in2 as effective pressure 
increased from 5 to only 60 MPa. Amphibolites and 
the granodioritc gneiss samples were more permeable 
and less sensitive to pressure than the basalts, with

permeability values ranging from 10' 17 to 10'22 m2 
as effective pressures increased to 300 MPa. The 
weathered samples, a surface gneiss and a surface- 
derived Westerly Granite included for comparison, 
were the least sensitive of all rocks, with permeability 
trends that cut across those of the other samples. 
There was an abundance of microfractures in the 
quartz-rich rocks, but a relative paucity of cracks in 
the mafic rocks, suggesting that the observed 
differences in permeability were based on rock type 
and depth, and that stress-relief and thermal-cracking 
damage was correlated with quartz content.

Kola, Russia
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Figure 2. Permeability of core samples from the Kola 
well in Russia. Numbers indicate sample depth in 
km. Westerly granite (Brace et al., 1968) included for 
comparison.

KTB, Germany
Amphibolite core samples from the 9 km deep 

KTB drillhole were tested under increasing confining 
pressures in mutually perpendicular directions to 
determine permeability anisolropy (Morrow et al., 
1994). Permeability values (Figure 3) for samples 
from 1252 and 3607 m were very low (10" 19 to 
10"23 in2 at pressures from 5 to 60 MPa), similar to 
the Kola mafic samples. This behavior appears to be 
due to the paucity of microfracturcs, either natural or 
induced through drilling and extraction, again most
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likely related to the lack of quartz. Permeability 
anisotropy was over two orders of magnitude. Unlike 
most of the rocks described in this paper, permeability 
for many of the KTB samples followed the simple 
relation -log k « Pe , where k is permeability and Pe 
is effective pressure. However, this may be a result 
of the limited pressure range over which permeability 
could be measured.

KTB, Germany
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Figure 3. Permeability of amphibolite core samples 
from the KTB pilot hole in Germany, with cores 
oriented towards principal stresses.

Illinois UPH 3, Illinois, U.S.A.
Horizontal and vertically oriented granite cores 

were obtained from depths of 751 to 1605 m in the 
Illinois UPH 3 drillhole and tested in the laboratory at 
effective confining pressures from 5 to 100 MPa 
(Morrow and Lockner, 1997). Initial permeabilities 
(Figure 4) were in the range of IO' 16 to 10" 19 m2 and 
dropped rapidly with applied pressure to values 
between 10"'^ and 10~ 2^ m2 , typical of the strong 
pressure sensitivity of other core samples noted 
above. However, permeabilities of the Illinois cores 
were inversely related to sample depth in a systematic 
way. This suggests that stress-relief and thermal 
microlraclurcs induced during core rclricvai increased 
with depth and ultimately dominated the laboratory 
fluid flow measurements. In this case, our 
measurements give al best an upper bounds on matrix

permeability, and do not provide a realistic picture of 
in situ permeability conditions.

DISCUSSION

Crack-dominated fluid flow
The low matrix permeability (<10~ 16 m2) of core 

samples from the various drillholes cited above 
indicates that most fluid flow at depth will occur 
through discrete joints and faults rather than through 
the bulk of the rock. In addition, studies of both clay- 
rich and non-clay fault gouges from various active 
faults (Morrow et al., 1984) show that gouge 
permeability is also extremely low (lO" 1 ^ to 10"22 
m 2) under in situ pressure conditions and during 
shearing. These findings are consistent with the 
results ofNaka et al., (1998) who determined that the 
fractured rocks adjacent to the Nojima Fault were 
many orders of magnitude more permeable than either 
the surrounding intact country rock or the clay-rich 
fault zone. This allows the damaged zone to serve as 
a conduit for fluids parallel to the fault in a horizontal 
or vertical direction but does not allow for free 
movement of fluids across the fault. This finding has 
important implications for the modeling of fluid 
circulation in the vicinity of the Nojima Fault.
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It is important to remember that the 
permeabilities of fault zone rocks are not fixed 
parameters with time. Petrographic evidence of 
repeated crack healing and sealing due to hydrothermal 
circulation in the various drillhole samples discussed 
above suggests that these rocks experienced cyclic 
permeability changes. This is consistent with current 
models of earthquake generation in which faults 
undergo repeated episodes of sealing, fluid 
pressurization, and finally rupture when fluid pressure 
exceeds the greatest principal stress, as discussed by 
Sibson (1992), Chester el al. (1993) and others.

Pressure sensitivity
An important finding from these diverse 

permeability studies is that permeability of deep core 
samples decreases more rapidly with applied pressure 
than equivalent surface-derived (quarried) or near- 
surface granites at comparable effective confining 
pressures. This is because weathering products in 
cracks and pores inhibit crack closure with applied 
pressure. In addition, stress-relief fractures that form 
from the release of triaxial in situ stresses may not 
completely close under the imposed hydrostatic 
pressure conditions of the laboratory. Such offset 
joints can become many orders of magnitude more 
hydraulically conductive than mated joints even at 
high stresses. This may explain why the deeper 
gneissic samples from the Kola well (7.0 and 11.6 
km) which contained stress-relief fractures, were not 
as sensitive to pressure as the shallower (and hence 
less fractured) quartz-rich samples from Cajon Pass. 
Similarly, the largely unfractured mafic samples from 
the Kola and KTB drillholes reaches very low 
permeability values under only modest applied 
pressures. Differences in pressure sensitivity are 
illustrated in Figure 5 for intact, cracked and weathered 
samples from the Cajon Pass drillhole and also a 
sample of quarried Westerly Granite, which is often 
used as a standard in laboratory geophysical testing. 
The weathered and cracked samples (including 
weathered Westerly Granite) are more permeable and 
have a distinctly different pressure response from the 
intact samples. However, these less pressure- 
sensitive samples may not be representative of 
conditions at depth. This result has important 
implications for geophysical models that assume 
standard values for the transport properties of rock, 
such as models of heal transport or fluid pressure 
buildup. Other physical properties thai arc controlled 
by cracks and pores, such as seismic velocity and 
electrical resistivity, may be similarly affected by 
differences in pressure sensitivity between surface- 
derived rocks and deep core samples.

Stress-relief fracturing
While stress-relief fractures may affect the 

pressure sensitivity of permeability as described
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Figure 5. -Permeability of selected Cajon Pass core 
samples showing differences in pressure sensitivity, 
with Westerly Granite (Brace et al., 1968) included for 
comparison.

above, the most obvious influence is on the absolute 
value of permeability. Even on the small scale of 
these samples, flow in fractured samples was increased 
by several orders of magnitude. Stress-relief damage 
was generally more prominent in the quartz-rich rocks 
and in rocks from greater depths. However, as in the 
case of the Illinois UPH 3 cores, permeability was 
entirely dominated by stress-relief cracks even though 
the samples were from relatively shallow depths. 
This may result in a substantial overestimate of the in 
situ matrix permeability.

Stress-relief fractures can in some cases be useful 
for estimating in situ pressure conditions. For 
instance, we can apply the Equivalent Channel Model 
of Walsh and Brace (1984) to the permeability and 
porosity data to obtain analytical estimates of various 
parameters such as crack aperture, asperity height, and 
formation factor. Assuming that the physical 
characteristics of natural fractures arc different than 
stress-relief fractures, the trend of these parameters 
with pressure should be different at in situ pressures 
above crack closure than below crack closure. From 
this change in physical characteristics with applied 
pressure we can estimate the closure pressure of the
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stress-relief cracks, and thereby place bounds on the in 
situ effective pressure. This method proved successful 
for certain quartz-rich samples from the Kola drillhole, 
where the downhole fluid pressure was not well 
constrained and in situ effective pressures were 
unknown. -However, the use of microcrack closure to 
estimate in situ pressure was not appropriate for the 
basalt and amphibolite samples from either the Kola 
or KTB drillholes, because they were relatively crack- 
free in situ (on the scale of our laboratory samples) 
and remained so even after core retrieval. As a result, 
their permeabilities were near or below the measurable 
lower limit of our apparatus at the estimated in situ 
pressures of the rocks, so that permeability 
measurements could not be made over the necessary 
spectrum of pressures.
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ABSTRACT

The deformation textures observed in 22 core 
samples of intact and altered granodiorite from two 
drillholes into the Nojima fault zone are consistent 
with the permeability and strength data reported by 
Naka et al. (1998) for those samples. The highest 
measured permeability was in a sample subjected only 
to dilational cracking. More intense fracturing 
accompanying microshear development also produces 
relatively high permeability, if the fragments 
generated by the deformation are relatively large. In 
these rocks, the fracturing intensity is directly 
correlated with the amount of strength reduction. 
Progressive granulation of the fragmented rock 
generates fine-grained gouge of low shear strength and 
moderately low permeability.

The deformation and mineralization features 
observed in the sample set have been combined into a 
general model for the evolution of a gouge layer 
relative to its permeability and strength. Of the four 
possible fault strands encountered in the two 
drillholes, the GSJ and shallowest NIED fault strands 
appear to be currently active, whereas the deepest 
NIED fault strand was abandoned and has since been 
thoroughly sealed with mineral deposits. The middle 
NIED strand also shows some evidence of recent 
shearing, although the two examined gouge samples 
are overprinted by dilational cracking.

INTRODUCTION

Core samples of biotite-hornblende granodiorite 
from two drillholes into the Nojima fault zone were 
measured for permeability and strength by Naka et al. 
(1998; see also Lockner, this volume) in the rock 
deformation laboratory at the U.S. Geological Survey 
in Menlo Park, California. The hole drilled by the 
Geological Survey of Japan (GSJ) crossed a gouge- 
bearing fault at about 624 m, whereas the hole drilled 
by the National Research Institute for Earth Science 
and Disaster Prevention (NIED) crossed three possible 
fault strands at depths of about 1140 m, 1320 m, and 
1800 m. Four to six samples from each fault strand 
xvere examined by Naka et al. (1998) (Table 1), along 
with representative samples of the country rock.

In order to compare the degree of deformation with 
the strength and permeability values, a thin section 
was prepared from each sample for petrographic 
examination. All but two of the samples were cut 
perpendicular to the axis of the cylindrical core 
samples; NIED sample 81-22A and GSJ 99-4 were 
cut parallel to the axis. This report shows (1) the 
correlation of the deformation and mineralization 
textures to the strength and permeability values, and 
(2) the position of each fault strand in an evolutionary 
sequence for a gouge core zone that was constructed 
from the petrographic observations.

FAULT ZONE STRUCTURE, 
PERMEABILITY, AND STRENGTH

The examination of exhumed faults (e.g., Chester 
and Logarr, 1986; Chester et al., 1993; Evans et al., 
1997), has shown that a fault zone commonly 
consists of a narrow (<1 m wide) core zone of fault 
gouge, where shear strain is concentrated. The core is 
embedded in a significantly wider zone of deformed 
rock, termed the damage zone, in which the intensity 
of deformation gradually decreases towards the 
undeformed country rock. Chester and Logan (1986) 
found that strength increases regularly from the fault 
core to the country rock (Chester and Logan, 1986), 
whereas permeability reaches a maximum within the 
zone of damaged rock (Evans et al., 1997). 
Depending on the initial permeablity of the protolith 
  for example, a highly porous sandstone versus a 
low-permeability crystalline rock   the permeability 
of the gouge zone may be higher or lower than that of 
the country rock.

The strength and permeability data reported by 
Naka et al. (1998) and the textures of the Nojima fault 
rocks are consistent with this model of fault-zone 
structure and mechanical properties. The country rock 
has very low permeability and high strength. It 
contains few completely filled cracks and has little 
alteration. Naka et al. (1998) identified a 20-40 m- 
wide zone of high permeability associated with each 
fault strand that they correlated with the damage zone 
(the data are presented by Lockner, this volume). The 
range of deformation intensity associated with high 
permeability is illustrated by the two highest- 
pemieability samples from the NIED drillhole (80-29,
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Table 1. Samples examined in this study.
Sample # Depth (ml Description

GSJ Drillhole

74-17 
91-6
98-31
99-4
101-2
118-21

NIED Drillhole 
12-1A

258.6

503.4
582.0
623.6
624.4
634.1
730.4

659.3

country rock; relict amphiboles

damage zone: microshear zones
2.5-10 mm-wide gouge-like band (old)*
banded gouge (old)
fine-grained gouge
two <6 mm-wide gouge-like bands
damage zone; relict amphiboles

country rock; relict amphiboles

32-20
34-27
43-37-1
45-23

74-19
76-17
80-29
81-22A
82-40
85-15B

179-33
181-34
183-14C
184-23

1063.7
1077.9
1131.8
1140.1

1278.6
1289.0
1307.5
1312.0
1320.3
1332.2

1798.2
1807.9
1815.9
1821.9

damage zone: dilational fractures
damage zone: microshear zones
damage zone: gouge-like microshear zone
fine-grained gouge

damage zone: dilational fractures
20 mm-wide gouge-like band
damage zone: dilational fractures
coarse-grained banded gouge (old)
damage zone: gouge-like microshear zones
coarse-grained gouge (old)

old shear zone (see text)
old shear zone
old shear zone
old shear zone

* The gouge in samples labelled (old) is cut by mineral-filled dilational ± shear fractures. 
The narrow gouge-like bands in 91-6, 101-2, and 76-17 are bounded by damage-zone rock.

Figure la; 43-37-1, Figure Ib). Sample 80-29 is not 
highly deformed but does contain a set of elongate 
dilational fractures that are partly filled with a Ca- 
zeolite (probably laumontite) and carbonate minerals 
containing varying amounts of Fe, Mg, and Ca. 
Growth textures of the secondary minerals suggest 
that the fractures have remained open for at least two 
episodes of crystal growth. The more highly 
deformed damage-zone rocks, which are generally 
associated with some shear fracturing, also have high 
permeability if the fragments remain relatively large. 
The quartz crystal in Figure Ib has been thoroughly 
fractured, and the pieces form a high-permeability 
network of voids and cracks.

With further increases in the intensity of shearing, 
the rock loses cohesion and the fractured rock is 
replaced by dense, fine-grained gouge (Figure Ic) that 
has permeability intermediate between the undeformed 
granodiorite and the damage-zone rocks. The strength 
dataofNaka et al. (1998) are directly correlated with 
the degree of cohesion, such that the sequence of 
samples in Figure la-c has progressively decreasing 
strength (see Lockner, this volume).

GOUGE CORE EVOLUTION

Progressive deformation of the country rock to form 
a gouge layer destroys most traces of the layer's 
earlier history (e.g., Figure Ic). However, the variety 
of deformation and mineralization textures observable 
in the sample set of Table 1 can be combined into a 
generalized textural, permeability, and strength 
history of the gouge core zones. Overall, the first half 
of the sequence involves initial dilational fracturing of 
the granodiorite, followed by shear fracturing that 
increases in intensity and degree of localization until a 
gouge zone is formed. This part of the time sequence 
largely corresponds to the spatial sequence of 
deformation textures moving from the country rock 
through the damage zone to the gouge core. The 
second half of the time sequence is essentially the 
reverse of the first half, as the gouge zone is 
abandoned and eventually sealed.

The first deformation features to appear in damage- 
zone granodiorite are dilational cracks concentrated in 
quartz (see also Moore and Lockner, 1995) that 
typically consist of one prominent set of sub-parallel
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Figure 1. Photomicrographs of deformation and mineralization textures in core samples from the Nojima fault 
zone, a) The highest permeability measured by Naka et al. (1998) was in this NIED sample, 80-29, which 
contains a set of elongate dilational cracks that are lined but not filled with laumontite and carbonate minerals 
(crossed polarizers), b) Heavily fractured quartz in high-permeability NIED sample 43-37-1.
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Figure 1, continued, c) Granulation of the igneous minerals leads to formation of fine-grained gouge of low 
strength and moderately low permeability. This gouge is cut by a dilational crack (indicated by arrow) filled 
with laumontite. The dark vertical lines contain carbonate minerals (GSJ 98-31, plane polarized light), d) 
Narrow microshears (indicated by arrows) parallel to the two prominent fracture orientations visible in the K- 
feldspar crystal at right (NIED 183-14C, crossed polarizers).
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0.2 mm

Figure 1, continued, e) Microshear zone (between arrows) whose boundary fractures appear to be pre-existing 
dilational fractures (NIED 181-34, crossed polarizers). Shear-zone width changes abruptly where the lower 
boundary steps over from one fracture to another, f) A microshear zone (boundaries indicated by arrows) of the 
1800-m NIED fault strand has been sealed by multiple generations of carbonate crystallization. Note the 
concentric growth patterns of several of the rhombic crystals (NIED 183-14C, plane polarized light).
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cracks (Figure la and d) and a subsidiary set that 
intersects the other at an angle of 60-90° (Figure Id). 
Fluids flowing through the fractures after an 
earthquake cause some alteration of the igneous 
assemblage and deposit minerals on the fracture walls 
(Figure la). With increasing intensity of 
deformation, the igneous feldspars also begin to 
fracture extensively (Moore and Lockner, 1995). At 
this time, some of the earlier-formed dilational 
fractures undergo minor shear displacement. In 
Figure Id the two intersecting shear fractures are 
parallel to the principal fracture sets visible in the 
large K-feldspar crystal. These two shears have 
developed from single fractures, but commonly 
closely spaced fractures pair up to form microshear 
zones (Figure le), with the fractures serving as 
boundary faults and the rock between them being 
more highly damaged than that outside the zone. 
Martel et al. (1988) and Segall and Pollard (1983) 
described similar fault-zone structures at outcrop scale 
in granitic rocks of the Sierra Nevada, California. In 
some of the Nojima fault samples, offsetting shears 
imply that the perpendicular shears were active at 
different times. However, most of them probably 
were active at the same time, leading to intensified 
fracturing of the granodiorite near their intersections.

As shearing becomes more heavily concentrated at 
one location, it becomes restricted to a single planar 
zone. Narrow gouge-bearing bands in NIED 76-17 
and GSJ 101-2 intersect both sets of older

microshears; such cross-cutting relations may be 
typical of the gouge layers. Continued shearing 
within these single layers eventually generates gouge 
(Figure le). Among the remaining rock fragments in 
the gouge, clasts of medium-grained laumontite and 
of carbonate minerals are evidence of the gouge's 
earlier history of dilational fracturing and alteration. 
In addition, some of the gouge samples contain clasts 
of earlier-formed gouge, indicating multiple episodes 
of slip within the well-developed gouge layer.

Fault offset does not remain localized along the 
same gouge zone, but rather shifts to other gouge 
layers over time. If the new site of localized shear is 
within the same fault strand, then the abandoned 
gouge layer becomes part of the damage zone of the 
new gouge core. As such, the older gouge layer 
would be limited to dilational fracturing and minor 
shearing. For example, the banded gouge of GSJ 98- 
31 (Figure le) has been cut by a series of narrow 
laumontite and carbonate-filled cracks, such as the one 
extending from left to right across the middle of the 
photo. Eventually, fault motion may shift to a 
completely new strand, leaving the old strand outside 
the damage zone of the new one. In the absence of 
permeability-enhancing deformation, the old gouge 
layers, along with the rest of the abandoned fault 
strand, are gradually sealed with mineral deposits.

Figure 2 is a schematic summary of the general 
trends in - permeability and strength that would 
accompany the deformation sequence described above,

GO

COe
o
c

Strength

Stage: country 
rock

  damage zone

Time

gouge damage 
zone

sealed

Figure 2. Relative changes in permeability and strength in the successive stages of the history of a gouge core 
zone (see text). The plots do not include the effects of individual earthquake cycles.
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based on the data of Naka et al. (1998). The early 
stages leading up to gouge development correspond to 
the textural sequence in Figure la-c, and the 
accompanying changes in permeability and strength 
were described previously. When the gouge layer is 
abandoned as a site of localized shear, it becomes 
progressively indurated and strengthened as a result of 
sealing and alteration reactions. The two lines drawn 
in Figure 2 do not include the changes caused by 
individual seismic cycles (see Fig. 13 of Chester et 
al., 1993, p. 782). Sealing of fault rocks as a result 
of fluid-rock interaction will cause permeability to 
decrease and strength to increase between earthquakes.

POSITIONS OF THE FOUR FAULT STRANDS 
IN THE EVOLUTIONARY SEQUENCE

Of the four possible fault strands represented by the 
groups of samples in Table 1, the GSJ and the 
shallowest NIED strands are currently active. There 
have been some apparent shifts in the position of 
localized shear within the GJS strand, with one gouge 
sample (98-31) (Figure Ic) and a narrow band of 
gouge in a damage-zone sample (91-6) both being cut 
by mineral-filled dilational cracks. These older gouge 
layers are now in the damage zone surrounding the 
new gouge core in that strand. The middle NEED 
fault strand also is active in at least a subsidiary 
sense, although both gouge samples (81-22A and 85- 
15B) are overprinted by dilational cracks lined with 
mineral deposits. However, the narrow bands of 
gouge in 76-17 and 82-40 (Table 1) may have been 
sheared during the 1995 earthquake.

The deepest NIED fault strand is characterized by 
permeability and strength values approaching those of 
the country rock, and the mineralization textures 
suggest that it is an older, abandoned fault trace that 
would correspond to the final, sealed fault stage of 
Figure 2. This strand did not contain a gouge core; 
rather, shear may have been distributed among the 
many microshear zones (Figure Id-e). Once shearing 
of this strand ceased, the extensive porosity in the 
microshears was gradually filled during several 
episodes of mineral growth (Figure If)- The history 
of this strand would therefore lack the dip in 
permeability and strength corresponding to gouge 
formation in Figure 2; instead, the two parameters 
would change gradually from values characteristic of 
the first damage zone field to ones representative of 
the sealed fault.
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ABSTRACT

Effects of the fluid migration on fracture 

process of inhomogeneous rock sample were 

investigated by using the Nojima core sample. 

Water was injected from the bottom surface of the 

rock under the confining pressure and the 

differential stress. X-ray CT images of the sample 

show the interior structure of the sample and 

revealed the relationship between the location of the 

fracture plane and foliation of the sample. Changes 

in P wave velocity measured along the six paths 

perpendicular to the sample axis show the upward 

migration of water. The distribution of the AE 

hypocenters reveals the development of fracture 

planes. The interior structure of the rock affects the 

location of fracture surface.

INTRODUCTION

Water migration in the fault zone controls 

rupture process. Fluids in the fault zone play an 

important role in many aspects of earthquake 

faulting (ex. Masuda et al., 1997). We investigate 

water-induced fracture processes using rock samples 

taken from the fault zone. We here focus on the 

effects of the pre-existing macro fractures of the 

rock on the water-induced fracturing.

NOJIMA CORE SAMPLE

We used a core sample taken from the GSJ 

(Geological Survey of Japan) Hirabayashi borehole 

sample (depth 433.22m - 433.32m) penetrating the 

Nojima fault, which is a main fault of the 1995 

Kobe earthquake, Japan (Ito et al., 1996). This

sample was taken from the fault zone having coaxial 

zone of fault gouge at 623.3m to 635.1m, which is 

in the altered and deformed granodiorite rock in the 

depth from 426.1m to 746.6m (Tanaka et al., 1998). 

Sample shape was a right cylinder of 50mm in 

diameter and 100mm in length. The sample contains 

pre-existirig healed joints dipping 41 degree from 

the sample axis (Figure 1).

Figure 1. 3-D X-ray CT image of the sample. X-ray 

CT scanner, Hitachi CT-W2000, located at the 

Geological Survey of Japan was used to take the 

2-D images of the sample. 3-D image was then 

constructed. CT value (gray scale) represents the 

density of the material.
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EXPERIMENTAL PROCEDURE

Under the confining pressure and the differential 

stress, we injected water from the bottom surface of 

the sample. Before the water injection, we took 

X-ray CT images of the sample to see the interior 

structure of the sample. During the water injection 

experiment, we monitored acoustic emission (AE) 

and measured surface strains and P-wave velocities 

(Figure 2). After the experiment, we took X-ray CT 

images of the sample to see the relationship between 

the location of the fault surface and the foliation of 

the sample. Figure 3 shows the locations of strain 

gages and PZT transducers. Thirty-two PZT 

transducers made a network for AE detection and an 

array for P wave velocity measurements. The AE 

hypocenter distribution was calculated by the same 

method used in seismology (cf. Masuda et a/., 1990, 

1993).

Differential Stress 
(60MPa)

Nojimi Hirabayi 
(GSJ)Core

\ 

S*

ishi +

Sample

4 = 50 mm 
1 = 100 mm

/
Confining 

Pressure 
(ISMPa)

\

Witer | Water (2.5MPa) 

Differential Stress

Figure 2. Experimental procedure. Sample was 

shaped as right cylinder of 50mm in diameter and 

100mm in length. Water was uniformly injected 

from the bottom surface. We kept the stress 

condition constant during the water injection.

Figure 3. Locations of piezoelectric transducers and strain gages. Small circles indicate the piezoelectric 

transducers. Additional two transducers are placed in the end pieces attached at the top and the bottom of the 

sample. In P wave velocity measurements, elastic pulses were initiated from transducers No. 16 through No. 

21 and received by No. 1 through No. 6. Large circles indicate the cross-strain gages which measure the 

axial and circumferential strains. AE locations projected to the sample surface are also plotted.
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STRESS CONDITION AND AE ACTIVITY

Figure 4 shows the changes in confining pressure, 

differential stress, water pressure, and AE activity. 

When we applied the confining pressure to the 

sample, AE activity increased and then decreased 

rapidly. These AE activities were caused by crush 

of the pre-existing cavities in the sample. We, then, 

applied the differential stress of 60 MPa, close to 

the fracture strength, to the sample under the 

confining pressure of 15 MPa. AE activity 

increased gradually in the first 20 min then 

decreased. When AE activity caused by the initial 

loading had ceased, we injected distilled water 

from the bottom end of the sample. Water-pressure 

measured at the injection point was 2.5 MPa and 

was kept constant for about 90 min, then increased 

to 5.0 MPa. When we increased water pressure 

from 2.5 MPa to 5.0 MPa, AE activity increased 

again and macroscopic fracture finally occurred 

after about 10 min from the water pressure 

increase.

t SOIM1SOM02MMOJM4M 
Tlm(ata)

Figure 4. Changes of confining pressure, 

differential stress, injection water pressure, and AE 

rate. Water was injected at the duration time of 270 

min. Injection water pressure was 2.5 MPa and 

then increased to 5.0 MPa. Macroscopic fracture 

occurred after about 10 min from the water 

pressure increase.

P-WAVE VELOCITY

Figure 5 shows the changes in the P wave 

velocities along the six paths perpendicular to the 

sample axis. Figure 5a shows the P wave velocity 

from the time just before the water injection 

through the end of the experiment Figure 5b shows 

the close up just before and after the water injection. 

When pre-existing cracks in a rock are filled with 

water, the P wave velocity is higher than that of the 

dry state. The variation of P wave velocity is a 

good indicator for monitoring the degree of 

saturation in rocks (eg, O'Connell and Budiansky, 

1974, Masuda et al. t 1993, 1999). Figure 5a shows 

the increase of P wave velocities along the all paths 

measured after the water injection. Once the 

velocities of P wave reached to the peak values, 

they remain almost constant until the final failure. 

We infer that the water migrated upward in the 

sample and filled the cavities and cracks inside the 

sample in the short time and after that the degree of 

saturation didn't change so much. Figure 5b shows 

the close up of the P wave velocity data around the 

time of the beginning of water injection. The 

change in P wave velocity was very rapid. It means 

that the permeability of the Nojima core sample is 

very high, so that water migrated upward rapidly.

AE HYPOCENTER DISTRIBUTION

We calculated the AE hypocenter distribution by 

using the wave form data. AE hypocenter locations 

projected to the sample surface were plotted in 

Figure 3. AE activity is located on the plane. This 

plane forms the final fracture plane of the sample, 

of which direction is parallel to the pre-existing 

healed joint of this Nojima core sample.

Figure 6 shows the AE hypocenter distribution 

for four time periods: Figure 6a, during the loading 

up (loading phase); Figure 6b, from the onset of 

creep to water injection (dry creep phase); Figure
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(a)
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Time (rain)

240 250 260 270 280 
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Figure 5. P wave velocity change caused by the 

water injection. The horizontal axis represents the 

elapsed time. P wave velocities marked as VI, V2, 

V3, V4, V5, and V6 are the data from the receiver 

No.l, 2, 3, 4, 5, and 6 in Figure 3. Due to high 

permeability of the Nojima core sample, water 

migrated in the sample rapidly.

concentrated along the plane which formed the 

final fracture surface.

s (a)

(b)

(c)

6c, from the water injection to just before the water 

pressure increase (water 2.5 MPa phase), and 

Figure 6d, from the increase of injection water 

pressure to macroscopic fracturing (water 5.0 MPa 

phase). During the loading phase, as shown in 

Figure 6a, clustering of AE hypocenters was not 

observed. AE activity during the dry creep phase 

was very low and clustering of AE hypocenter was 

not observed as shown in Figure 6b. After the water 

injection, AE events were located along the plane 

parallel to the pre-existing healed plane of the 

sample. During the water 5.0 MPa phase, AE 

activity was very high and AE hypocenters were

(d)

Figure 6. Spatial variation of AE hypocenter 

distribution. Hypocenter distribution of (a) loading 

phase, (b) dry creep phase, (c) water 2.5 MPa phase, 

and (d) water 5.0 MPa phase.
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FRACTURE PLANE AND FOLIATION

We took ninety-nine 2-D X-ray CT mages 

perpendicular to the sample axis at every 1 mm 

along the sample axis. The thickness of each X-ray 

CT image was 1 mm. 3-D CT image (Fig.3) was 

constructed from these ninety-nine 2-D images. 

Figure 7 shows one of the 2-D X-ray CT images 

taken after the experiment. The direction of the 

foliation plane, from top left to bottom right, of the 

sample can be identified. The pre-existing healed 

joint, thick white portion, is also parallel to the 

foliation of the sample. Black line represents the 

location of the main fracture surface. The main 

fracture surface was formed parallel to the foliation 

plane of the sample.

Figure 7.

2-D X-ray CT image of the sample after the 

experiment. Location of the image is 60mm from 

the top. Black line shows the fracture plane, white 

thick portion represents the pre-existing healed 

plane.

CONCLUSION

We observed that the AE hypocenters were 

located in the plane which formed the fracture 

surface of the sample. The main fracture surface

was formed parallel to the foliation plane of the 

Nojima core sample. The interior structure of the 

rock affects the location of fracture surface.
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ABSTRACT

We analyzed groundwater-level data 
from the Hirabayashi borehole for the 
period from June, 1996 through October, 
1999. as well as data from a pumping test 
conducted in March, 1998. The well is 
constructed so that groundwater-level 
variations represent fluid pressure 
fluctuations just below the major shear 
zone of the Nojima fault. Analysis of the 
pump test data yields a transmissivity 
that is consistent with a shear zone 
permeability obtained using a 
hydrophone VSP technique [Kiguchi et 
a/., 1999]. Flow during the pump test 
apparently was not from an area that is 
spatially limited, and we interpret this to 
mean that the pump test drew fluid from 
the near-vertical fault zone, rather than 
from large horizontal distances from the 
well. In this case, the transmissivity and 
storage coefficient from the pump test 
yield a vertical hydraulic diffusivity of 
0.5 m2/s, which is consistent with the 
time constant of water-level increases in 
response to rainfall. Tidal variations in 
the groundwater level indicate strain 
sensitivities of 0.6 to 2.3 m/lO6 , and tidal 
phases are suggestive of strains 
dominated by the deformation of planar 
fractures. The time series of water level 
in the Nojima Hirabayashi borehole 
should provide a means to monitor 
permeability changes associated with 
post-earthquake healing of the fault.

BACKGROUND

The Hirabayashi borehole was completed 
with a casing that is perforated in the 
interval from 630 to 650 m below the 
land surface, about 5 m below where it 
intersects the main shear zone of the 
near-vertical Nojima fault at 623.3-625.1 
m depth (Fig. 1). The shear zone consists 
of fault gouge, while the geology at the 
perforated interval is altered and 
deformed granodiorite [Tanaka et a/., 
1999]. Interpretation of groundwater- 
level time series can place constraints 
on the hydraulic and mechanical 
properties of the formation, and also 
provides a way to monitor changes in 
these properties with time.

ahpta)

Figure 1. Diagram of GSJ Hirabayashi 
borehole.
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PUMP TEST ANALYSIS

The pump test sequence consisted of 
several short pumping intervals, 
followed by a constant-rate pumping test 
at a rate of 30 1/min (Fig. 2). We first 
analyzed the constant rate pumping test 
by matching the observed drawdowns to 
theoretical drawdowns for a well of non- 
negligible diameter that fully penetrates 
an aquifer of possibly limited width. The 
solution we used allowed for the 
possibility of a skin effect, which models 
the effect of a thin non-conductive zone 
at the wellbore wall such as might result 
from residual drilling mud or a clogged 
screen [Moench, 1985]. Models with 
aquifer widths of 500 m or more fit the 
data well, indicating that flow during the 
pump test came from distances at least 
this large. The best fit to the constant- 
rate pumping test was obtained for 
transmissivity, T, of 1.5 x 10-5 m2/s t 
storage coefficient, S, of 3 x 10-5 and a 
skin factor of 9.3. The non-zero skin 
factor indicates some resistance to flow 
at the borehole wall, possibly because 
only 0.05% of the perforated interval's 
area is actually open to the wellbore.

. 
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Figure 2. Observed drawdown during 
pumping tests and model simulations.

Kiguchi et al. [1999] used a hydrophone 
VSP technique to determine the 
permeability of fracture zones in the 
Hirabayashi borehole, and found that 
the gouge zone at 623-625 m depth had a

permeability of 2 darcies, corresponding 
to a hydraulic conductivity of 1.9x10-* 
m/s. Since the gouge zone is 1-2 m thick, 
their result agrees closely with the value 
obtained by dividing T= 1.5x10-5 m2/s 
from the pump test by the aquifer 
thickness.

The structure of the Nojima fault zone is 
known to consist of a narrow fault core 
that is highly permeable relative to the 
surrounding rock. Thus, the result that 
the pump test data reveal no lateral 
limits to the aquifer is at first 
surprising. We interpret this result to 
indicate that the pump test is actually 
drawing fluid from the near-vertical 
fault zone, rather than from a 
horizontally extensive area around the 
well. The solution used to model the 
pump test data presumes only that flow 
around the well is essentially planar, but 
does not actually require that the plane 
be horizontal. Assuming that the pump 
test is primarily sampling the shear zone 
allows the vertical hydraulic diffusivity, 
c, to be calculated from the pump test 
data as c=T/S=0.5 m2/s. This is a 
relatively high value, typical of 
fractured igneous rocks, and several 
orders of magnitude greater than 
hydraulic diffusivities for unsheared 
clay deposits [Roeloffs, 1996]. The high 
diffusivity suggests that a highly 
conductive pathway exists through the 
fault gouge, which is plausibly due to the 
recent fault rupture in the 1995 Hyogo- 
Ken-nanbu earthquake.

RESPONSE TO RAINFALL

The groundwater-level record from the 
Hirabayashi well shows a strong 
influence of precipitation. Following 
periods of rainfall, water levels rise by 
as much as 2 m in a period of 4 to 5 days, 
returning to the pre-rain level after 3 to 
5 weeks. There is no net rise or fall of 
groundwater level for the period of 
observation. The time constant of the 
water level increases due to rainfall is 
very similar to that obtained by 
assuming that the rainfall infiltrates as 
one-dimensional flow through a medium
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that is 630 m thick and has a vertical 
hydraulic diffusivity of 0.5 mVs, 
consistent with the results of the pump 
test analysis.

RESPONSE TO TIDES

The maximum amplitude of the tidal 
response in the Hirabayashi well is 9 cm 
peak to peak (Fig. 3). We analyzed the 
tidal signal to identify the major 
constituents M2 and Ol. The amplitudes 
and phases of these tide constituents in 
water level data, when compared to a 
suitable reference, yield information 
about poroelastic and hydraulic 
properties of the aquifer.

* . rfew*

$@tr^^

Figure 3. Water level, barometric 
pressure, and strain data at Hirabayashi 
for the period April 1 to June 1, 1999.

The location of the Hirabayashi well less 
than 0.5 km from the coastline of a small 
island presents a difficulty for the 
determination of in-situ tidal strain. 
Loads from ocean tides have a 
significant effect on tidal strain at Awaji 
Island, and are not readily calculated 
given the complex bathymetry around 
the island. We chose instead to compare 
water level tides at Hirabayashi to strain 
tides from a 3-component strainmeter at 
Ikuha, situated at a depth of 250-300 m 
and 5 km SW of the Hirabayashi

borehole. We summed the three 
components of strain at Ikuha to obtain a 
quantity proportional to either areal or 
volumetric strain. The absolute 
amplitude of the strain at Ikuha is not 
known, but we presume that the M2 
constituent at Ikuha is within a factor of 
2 of the calculated theoretical tide 
(neglecting ocean loads), which is 13.4 x 
10-9 in volumetric strain.

Table 1 gives amplitudes and phases of 
M2 and Ol for the Hirabayashi 
groundwater level and for the Ikuha 
areal strain. Both time series have a 
larger Ol constituent than M2 
constituent, indicating a large ocean 
load contribution. However, for the 
groundwater level data, the ratios of the 
observed M2 and Ol amplitudes to the 
amplitudes of the same constituents in 
the areal strain record, are nearly the 
same. For the assumed factor of 4 
variation in the possible absolute 
amplitude of M2 at Ikuha, the strain 
sensitivity of the ground water level in 
the well is between 0.6 and 2.3 m/10-6 
strain. The lower value is typical of a 
porous formation, but the higher values 
are unlikely unless the tidal variations 
are due to deformation of a permeable 
fracture. A better estimate of the 
absolute strain amplitude would be 
required in order to discriminate 
between these two possibilities.

The phases of the tidal constituents do 
suggest that the tidal response at 
Hirabayashi is governed by deformation 
of a fracture zone, rather than of a 
uniform porous material. The Ol 
constituent leads the areal strain, while 
the M2 constituent lags. Phases of 
opposite sign for these two constituents 
are not expected to result from fluid flow 
effects, but are consistent with phases 
calculated for the deformation of 
fractures [Bower, 1983]. The observed 
phase lag at M2, 50.8°, is larger than 
expected from the fracture deformation 
model, however.
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Tidal analyses for several time periods 
indicate that the amplitudes and phases 
of M2 have remained relatively constant 
with time at Hirabayashi. However, the 
transmissivity of the interval is low 
enough that a decrease of hydraulic 
conductivity should produce detectable 
phase and amplitude changes in the M2 
tide, allowing this technique to be used 
to monitor fault zone healing. It is 
necessary, however, to ensure that the 
wellbore is clean so that a change of 
skin factor does not introduce apparent 
changes of formation permeability.
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Ol

M2

Period,
hours

25.8193

12.4206

Ampli
tude in
Ikuha
areal
strain

52.82

40.56

Phase in
Ikuha
areal

strain,
degrees

327.0

332.1

Amplitude
in

Hirabayashi
water level.

m

0.01898

0.01524

Phase in
Hirabayashi
water level,

degrees

134.0

202.9

Amplitude
Ratio,

Hirabayashi
/Ikuha

3.59E-04

3.76E-04

Phase
difference.
Hirabayashi

-Ikuha,
degrees

-13.0

50.8

Table 1. Results of tidal analysis of Ikuha areal strain and Hirabayashi groundwater 
level for the period April 1 through June 1, 1999. Areal strain amplitudes are in 
arbitrary units. Tidal phases are calculated with respect to 0000 on January 1, 1999, 
local time. A positive phase difference indicates a lag of peak water level behind 
peak contractional strain.
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Figure 4. Amplitudes and phases of the M2 tidal constituent in the Hirabayashi 
groundwater level as functions of time.
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ABSTRACT
Hydrologic changes associated with the January 17, 
1995 Kobe Earthquake occurred in Awajishima Island 
very close to the epicenter. These included (1) large 
drop of water table in the mountainous area, (2) rapid 
increase of discharge along active faults, and (3) 
change of chemistry of discharged water. A simple 
horizontal flow model was constructed to explain the 
observed changes, and optimal sets of specific yield 
and change of hydraulic conductivity were estimated. 
Results suggest that this model can explain the 
observed phenomena consistently. The hydraulic 
conductivity is estimated to increase at least 5 times 
that before the Earthquake; however, quantitative 
measurement of the increase of discharge just after the 
earthquake would constrain better the change of the 
hydraulic conductivity. Specific yield of the 
unconfmed aquifer is between 0.3 and 1.7 % 
depending on the assumed recharge rate but 
independent of the assumed depth to the impermeable 
basement. Change of chemical composition of 
discharged water could be explained by upward 
movement of deeper water due to invasion of 
saltwater into the aquifer.

1 INTRODUCTION
Hydrologic changes occur in response to large 
earthquakes, and various mechanisms have been 
postulated to explain them (e.g., Sibson, 1981; 
Muir-Wood and King, 1993; Rojstaczer et al., 1995). 
It has been reported that similar hydrologic 
fluctuations were associated with the Hyogo-ken 
Nanbu (Kobe) Earthquake in Awajishima Island (Fig. 
1) (Sato et al., 1995; Groundwater Research Group, 
Osaka City University Investigation Team for the 
Hanshin-Awaji Great Earthquake Disaster (hereafter 
called GRG), 1996; Oshima et al., 1996; Sato and 
Takahashi, 1996). These can be summarized as 
follows: (1) A large amount of water was discharged 
in the mountainous area just after the Earthquake, and 
this effect ended within 4 months (Oshima et al., 
1996). (2) The water table in the central part started 
to drop soon after the Earthquake (Fig. 2; Table 1), 
and water levels of small ponds also started to drop 
and some of them dried up (GRG, 1996; Oshima et 
al., 1996; Osada et al., 1997). (3) On the other hand, 
the volume of discharged water near active faults 
increased rapidly and this anomalous discharge has

34' 301
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Awajishima Is.
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Fig. 1. Index map of the studied area. Filled star 
indicates the epicenter of the Kobe Earthquake, open 
stars the location of discharged water where the 
change of chemical composition was reported by Sato 
et al. (1995), filled square the location of a 1200 m 
deep well, dots the locations where Sato and 
Takahashi (1996) measured the relative discharge, a 
triangle the location where Oshima et al. (1996) 
measured the discharge rate, lines the location of 
active faults, and a straight line the location 
(estimated) of the cross section that appeared in GRG 
(1996).

continued for more than 1 year (Fig. 3) (Sato and 
Takahashi, 1996). (4) The chemical composition of 
discharged water has slightly increased in bicarbonate

de«p wells

2001 

100 

0 

-100

Estimated water-table 
(before Earthquake).

Estimated water-table 
(3 months after Eq)

1 km

Fig. 2. Schematic cross section showing the possible 
water-table drop at the northern part of the 
Awajishima Island. The location of the section is 
shown in Fig. 1. Water-table at the western deep well 
before the Earthquake was not measured. Modified 
after GRG (1996).

This paper was published in Journal of Hydrology, Vol 223, 221-229, 1999.
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Table 1. Water-table fluctuations of shallow wells in 
the central part of the Island (data after Oshima et al., 
1996).

Well 
no.

1

2

3

4

5

6

7

8

19

11

12

14

16

17

18

19
": Dashes

o"-

relative discharge 

L/i
_O O

Water table above well 
bottom (m)

Before 113 days 
EQ after EQ"

1.92 0.43

1.83 0.27

3.25 0.79

3.06   

3.41 0.63

1.76

2.65

1.91 0.10

6.59   

21.35 13.75

9.30

1.00

2.63

1.80 1.12

3.16   -

1.00 0.27

Depth to well 
bottom (m)

3.48

3.55

7.40

3.98

7.01

3.46

2.85

4.97

4.62

21.35

10.79

1.18

4.86

2.47

5.43

8.48
indicate that no water existed in the well.
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days after the event
Fig. 3. Change of relative discharge (normalized by 
that in May, 1995) as a function of time. Small dots 
and dotted lines indicate each measurement and large 
dots and a line indicate the overall change between 
May 1995 and June 1996. Data after Sato and 
Takahashi (1996).

after the Earthquake (Fig. 4) (Sato et al., 1995;

0.5

HCO3

Fig. 4. Change of water chemistry (anions) due to the 
Earthquake.

Takamura and Kono, 1996), and it continued more 
than ten months. The observation (1) might be 
explained by the poroelastic response of the aquifer 
because the Island is situated in the compressional 
region of co-seismic strain field (King et al., 1995). 
The observations (2), (3), (4) are very similar with that 
reported after the Loma Prieta Earthquake (Rojstaczer 
and Wolf, 1992; Rojstaczer et al., 1995), and may be 
explained by the enhancement of the permeability due 
to the earthquake. The following discussion will be 
concentrated on a simple model to explain the latter 
observations because poroelastic deformation has 
contributed a minor amount of water discharge 
compared with that caused by permeability increase as 
discussed later.

2 HYDROLOGICAL CHANGES IN THE 
NORTHERN PART OF THE AWAJISHIMA 
ISLAND
Awajishima Island is situated very close to the 
epicenter (Fig. 1). Active faults run parallel and along 
the coastal lines (about 100 to 400 m far from the 
coast in the case of the Nojima Fault) of the northern 
part of the Island, and the Nojima Fault was ruptured 
by the Earthquake (Fig. 1). The central part of the 
Island consists mainly of weathered granite and a thin 
cover of Neogene marine sediments. The elevation of 
the central part is more or less constant at around 200 
m above sea level (the highest point is 360 m at the 
southernmost part in the studied area).

The water table in the central part of the Island 
before the Earthquake was close to the topographic 
surface and dropped more than 70 m within 90 days 
after the Earthquake (GRG, 1996; H. Kumai, 1998 
pers. comm.) (Fig. 2). The regional water table 
distribution at 90 days after the Earthquake was 
estimated from two deep wells and discharge points 
(GRG, 996; H. Kumai, 1998 pers. comm.). 
Considering the spatial distribution of the wells and
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discharge points, this estimation (Fig. 2) is reasonable. 
Shallow wells in the central part also dropped (Table 
1) even though some of them still show the existence 
of water, which suggests the existence of local 
perched water systems. This water-table drop is 
significant compared with the possible magnitude of 
natural fluctuations. People have used shallow wells 
(less than 10 m in depth) (Table 1) for daily use, 
suggesting that the seasonal water table fluctuation is 
smaller than 10 m. The 70 m drop of water table 
cannot be explained by the annual fluctuation of 
recharge. Rainfall is largest in summer season and is 
about 4 times larger than that in the winter season. 
The Earthquake happened January 17 and the water 
table did not return after the summer season; instead 
it continued to drop except for 2 wells out of 16 
measured shallow wells (Oshima et al., 1996). The 
annual rainfall is about 1400 mm, and assuming that 
one-third of annual rainfall is the recharge rate, it is 
necessary to consider more than 1 year of no rainfall 
for the water table to drop 70 m (assuming 1 % 
porosity). Thus, it is reasonable to assume that natural 
fluctuations are smaller than the observed water-table 
drop, and the water-table drop can be attributed to the 
Earthquake-related phenomenon.

Sato and Takahashi (1996) reported the volumetric 
change of discharge at 6 locations between May 1995 
and June 1996 (Fig. 1). The overall discharge in June 
1996 was 43 % that in May 1995 (Fig. 3). Although 
they did not measure the entire volume of discharge 
over the Island, their locations are all situated at the 
major discharge points and also cover the studied 
area; thus, it can be assumed that the ratio of their 
measurements represents the ratio of the whole 
volume of discharge. Oshima et al. (1996) measured 
stream flow of 4 locations, located about 250 m from 
the coast, whose catchment areas extend about 500 m 
to 600 m along the coast (Fig. 1). They measured an 
overall discharge of 1.75 m3/min. 290 days after the 
Earthquake. This value is about 1.3 to 1.6 times 
larger than the steady state value (integrated over 500 
to 600 m distance) obtained from the model which is 
described later, in the case where one-third of annual 
rainfall is assumed to be the recharge rate.

The increase of discharge also is significant 
compared with the annual fluctuations. Sato and 
Takahashi (1995) reported that the water level of one 
of the ponds, which is located where Oshima et al. 
(1996) measured discharge, increased very rapidly just 
after the Earthquake even though no water existed 
there before the Earthquake. Considering that the 
dam was artificially broken within a day after the 
Earthquake to prevent it from overflowing, the 
increase of discharge must have been significantly 
larger than the annual fluctuations.

The chemical composition of discharged water has 
increased in bicarbonate after the Earthquake (Fig. 4).

The change of chemical composition can be explained 
either by the mixing of discharged water at steady 
state and the deeper water represented by the 1205 m 
well, or by the discharge of water that had been side 
tracked into dead-end pores and/or slow pathways 
through relatively less permeable rocks due to the 
possible earthquake-induced micro-fracturing, or 
some other reasons.

3 CONSTRUCTION OF A MODEL TO 
EXPLAIN THE HYDROLOGICAL CHANGES
GRG (1996) tried to estimate the increase in the 
permeability of the aquifer and reported that 
permeability increased 3.6 times after the Earthquake. 
However, they did not show the model and 
assumptions used to obtain the value and it is difficult 
to evaluate their result. Rojstaczer et al. (1995) used 
a simple diffusion model to explain the phenomenon 
following the 1989 Loma Prieta Earthquake. They 
adopted a confined aquifer model and discussed the 
water-table drop of the mountainous region.

Here, the Dupuit-Ghyben-Herzberg (D-G-H) model 
(Fetter, 1972; Bear, 1972; Vacher, 1988; Vacher and 
Wallis, 1992) was applied to the unconfmed fluid 
flow in the Island. An infinite-strip island model can 
be applied due to the fact that the width of the 
northern pan of the Island is around 5 km and more or 
less constant (Fig. 1). The D-G-H model results from 
combining (a) the Dupuit approximation of horizontal 
flow and (b) the Ghyben-Herzberg principle of 
proportionality between water-table elevation and 
depth to interface with (c) Darcy's law. The Dupuit. 
approximation is violated near the coast where the 
thickness of the freshwater region narrows. However, 
this treatment might be acceptable because the relative 
change in discharge is used to estimate the relative 
change in the order of magnitude of the hydraulic 
properties by the earthquake. Although this 
earthquake may cause the increase of vertical flow 
along faults, Ishimaru (1997) showed that the increase 
of vertical permeability along faults alone could not 
explain any water-table drop in the central part of the 
Island, suggesting that the increase of horizontal 
permeability can be a possible reason for the observed 
water-table drop.

The resulting D-G-H version of Darcy's law is 
combined with the continuity equation to give a 
governing differential equation (Vacher, 1988). 
However, it is not appropriate to directly apply the 
model to the Island because the depth of the 
freshwater-saltwater interface at the central part 
before the Earthquake is calculated to be 6.6 km, 
assuming that the water-table is 165 m above sea 
level. This value is unrealistic considering the 5-km 
width of the Island. Instead, it is assumed that there 
is an impermeable basement below a specified depth 
and the fluid flow in the Island is governed by the
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combination of the D-G-H model (where the water 
table is below z/G) and the simple Dupuit model 
(where the water table is above z/G) (Fig. 5), and the 
effect of the position of the impermeable basement is 
examined in this analysis. Here z and G(=pw/(p,-pw))

D-G-H; Dupuit :D-G-H

' 1

,

\

:h=z/G Water tablep\

1 

z=h*G i /
Fw/Sw interface 

Impermeable basement

alpha

Fig. 5. A schematic figure of the model used in this 
study. D-G-H and Dupuit indicate the region where 
the Dupuit-Ghyben-Herzberg model and the simple 
Dupuit model are applied, respectively. See text for 
details.

represent the depth of the basement from sea level and 
the Ghyben-Herzberg constant, respectively, and pw is 
the density of freshwater and p, is that of saltwater. 
Assuming that the porosity of the unweathered granite 
at depth is very small compared with the specific yield 
of the highly weathered surficial granite, the 
governing equations for unconfined groundwater flow 
in the Island becomes

(1)

(2)

for the D-G-H region of the model, and

f, +M"*S. dh

for the simple Dupuit region of the model, where K is 
the hydraulic conductivity, h is the height of the water 
table, w is the recharge rate, Sy is the specific yield. 
Because the boundary between the D-G-H and the 
simple Dupuit models moves with the change of water 
table height, this combined model tracks the boundary 
(the length 'alpha1 in Fig. 5) and maintains 
conservation of mass during the transient calculations. 
The mass conservation is held at the boundary 
between the models because z=h*G at the boundary 
(Fig. 5), and substituting this relationship into 
equation (2) shows that the same flux is obtained 
through the boundary from both equations (1) and
(2).

A numerical code has been developed based on the 
finite-difference approximation. The validity of the 
code was checked by comparing 1) the numerical and 
analytical solutions of the Boussinesq problem (Bear, 
1972; Polubarinova-Kochina, 1962) for the simple

Dupuit case and 2) the steady state results of both 
numerical and analytical solutions for the combined 
case.

4 RESULTS OF NUMERICAL CALCULATION 
AND DISCUSSION
The observed quantitative data have been used to 
constrain the model. These are (1) the water table at 
the central part of the Island dropped from 165 m 
above sea level to 95 m within 90 days after the 
Earthquake (GRG, 1996; H. Rumai, 1998 pers. 
comm.) (Fig. 2). (2) the overall discharge in June 
1996 was 43 % that in May 1995 (Fig. 3). (3) the 
depth to the impermeable basement is greater than 
1205 m. This constraint comes from the chemical 
composition of the 1205 m well water, which does not 
show saltwater features (Na* of 5.36 meq/1 and Cl" of 
0.36 meq/1).

The initial condition is set as the steady state 
solution in which the water table at the center of the 
Island is 165 m above sea level, and is calculated 
using either the D-G-H model or the simple Dupuit 
model according to positions. The lower boundary is 
set as impermeable at the freshwater-saltwater 
interface for the D-G-H region and at the depth of the 
impermeable basement for the simple Dupuit region 
(Fig. 5). The condition for the lateral boundaries are 
set as 0 m height of water table at the coastal lines. 
Recharge is assumed to be constant and is assumed to 
be either half, one-third, or one-fifth of annual 
rainfall.

Using the above mentioned model and boundary 
conditions, the optimal sets of the change of hydraulic 
conductivity due to the Earthquake and the specific 
yield were estimated. Fig. 6 shows how calculated 
results change by changing these parameters. In this 
figure, solid contours show the absolute difference 
between the calculated and measured discharge ratio 
between May 1995 and June 1996, and dotted 
contours indicate the date when the water-table at the 
central part falls below 95 m. From constraint (1), the 
region above the 90 day contour is considered not to 
be optimal. Similarly, the region outside of the 0.05 
solid contour is considered not to be optimal. Thus, 
the filled area is the region where the model is 
evaluated to be optimal.

It is found that the optimal specific yield is between 
0.3 and 1.7 % depending on the recharge rate but 
independent of the assumed depth to the impermeable 
basement (Fig. 6). This result is noteworthy because 
the estimates of specific yield are usually not so well 
constrained. The hydraulic conductivity is estimated 
to increase at least 5 times after the Earthquake (Fig. 
6). The increase of hydraulic conductivity should be 
interpreted as the geometric average of the increase of 
the conductivities in the fault zone and the 
surrounding rocks. The increase of hydraulic
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Fig. 6. Contour maps explaining how calculated 
results change due to changing parameters. 
Horizontal axis is the ratio between the hydraulic 
conductivity after (Ka) and before (Kb) the 
Earthquake, and vertical axis the specific yield. 
Recharge is assumed to be half of the annual rainfall 
for the upper, one-third for the middle, and one-fifth 
for the bottom figures. Lines indicate the absolute 
difference between the calculated and measured 
discharge ratio and dotted line the date when the 
water-table at the central part becomes below 95 m. 
Filled area is the region where the model is evaluated 
to be optimal.

conductivity in the fault zone might be larger than that 
of the surroundings. However, the thickness of the 
fault zone is very narrow compared with the thickness 
of the surrounding rocks considering the horizontal 
model used in this analysis, and it was not practical to 
explicitly account for faults as different hydraulic 
conductivity zones due to the scarcity of data sets. 
Thus, it was decided to estimate the geometric average 
of the change of hydraulic conductivity in this 
analysis.

Fig. 7a shows examples of the calculated change of 
discharge rate normalized by that at steady state as a 
function of time using the optimal sets of parameters. 
This result can be used to estimate the significance of 
poroelastic contribution to the discharge. Assuming 
a co-seismic volumetric strain of 10~5, a Biot-Willis 
coefficient of 0.85 (Berryman, 1992), and a 
deformation depth of 10 km, which are all very large 
estimates, the total discharge changes 425 m3 in a 1 m 
slice of the Island. This value is about 65 times larger 
than that of the assumed daily discharge at steady state 
condition (assuming one-third of rainfall as recharge). 
Even though this value is large, the increase of 
discharge due to the increase of hydraulic conductivity 
is an order of magnitude larger (integrate Fig. 7a); 
thus, the poroelastic contribution is considered to be 
very small.

It is obvious that the increase of the hydraulic 
conductivity is proportional to the increase of 
discharge just after the earthquake, and that it is 
difficult to estimate the increase of conductivity using

Ka/Kb=10 
Ka/Kb=15 
Ka/Kb=20

100 200 ' S^O ' 4(1)0 ' 500 ' 600 
days after the event

Fig. 7. Examples of calculated a) discharge rate 
normalized by that at steady state condition, b) water- 
table at the center of the Island, and c) location of 
freshwater-saltwater boundary at the depth of 
impermeable basement, from the optimal sets of 
hydraulic properties (in the case where z=1500 m, 
recharge is one-third of rainfall). Solid box in a) 
indicates the equivalent volume of poroelastic 
contribution.

the discharge data 100 days after the earthquake, 
which is the case for this analysis (Fig. 3). This 
suggests that it is important to measure the change of 
discharge just after the earthquake to obtain a proper 
estimate of the change of hydraulic conductivity. Fig. 
7b shows the calculated water table change as a 
function of time. This result tells us that it is also 
difficult to obtain the increase of the conductivity 
from the measurements of the water-table drop at the 
central part of the Island.

Fig. 7c shows the amount of saltwater invasion due 
to the drop of water table (see Fig. 5 for the definition 
of vertical axis). This result suggests that saltwater 
has intruded into the aquifer in accordance with the 
Ghyben-Herzberg principle. The saltwater intrusion 
could be the cause of the mixing of shallower and 
deeper water and could be the reason why the 
chemical composition has changed (Fig. 4). Note that 
this analysis does not necessarily support the 
interpretation because the flow direction is assumed to 
be horizontal and because the porosity of deeper 
granite is very small, neglecting the contribution of 
deeper groundwater to the calculated discharge. 
However, once the hydraulic conductivity is increased 
and approaches a new steady state condition, it is
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suggested that the shape of freshwater zone narrows 
and deeper groundwater could discharge at around the 
coastal zone. More sophisticated modeling is 
necessary to fully take the contribution of the 
migration of deeper water into consideration.

5 CONCLUSIONS
Several hydrologic changes were observed in 
Awajishima Island caused by the Kobe Earthquake. 
A combined Dupuit-Ghyben-Herzberg and simple 
Dupuit model was constructed to test the ability to 
explain these phenomena. This model can explain the 
most of the phenomena consistently, and the 
following conclusions are obtained.
1) Increase of horizontal hydraulic conductivity by the 
Earthquake may be the main cause of hydrologic 
changes and the hydraulic conductivity is estimated to 
increase at least five-fold after the Earthquake.
2) It is necessary to measure the increase of discharge 
just after the earthquake to better constrain the 
increase of the hydraulic conductivity.
3) Contribution to discharge by co-seismic volumetric 
strain is calculated to be minor.
4) The specific yield of the unconfined aquifer is 
estimated to be 0.3 to 1.7 % depending on the 
recharge rate but independent of the assumed depth to 
the impermeable basement.
5) Change of chemical composition of discharged 
water could be caused by the movement of deeper 
water due to the intrusion of saltwater into the aquifer, 
however, more sophisticated analysis is necessary to 
prove this hypothesis.
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ABSTRACT Chemical and isotopic compositions 

of groundwater obtained from the GSJ Hirabayashi 

well were analyzed. The well was constructed on the 

Nojima fault which moved at the time of the 1995 

Kobe (Hyogo-ken nanbu) earthquake. Major cation 

and anion components of the groundwater are calcium 

and bicarbonate ions, respectively. The ionic 

characteristics is similar to that of local spring water 

in the northern part of Awaji Island. The isotopic 

characteristics is also similar to that of local meteoric 

water. The hydrogen and oxygen isotopic ratios 

indicate that the groundwater was recharged at the 

high altitude area of the island.

Introduction

The Kobe (Hyogo-ken nanbu) earthquake occurred 

on January 17,1995 with magnitude of M7.2 (Fig.l). 

At the northern part of Awaji Island, about 10 km 

long surface fault ruptures appeared along the Nojima 

fault (Awata et al., 1996).

135" E
Fig. 1 Location of Awaji Island. The 1995 Kobe 
(Hyogo-ken nanbu) earthquake occurred off the 
northern coast of the island on January 17,1995.

1
Hirabayashi well \304m-,

^Pgzi*
Nojima fault %f^l l£f/'' -^,

i-^VWW^i-5
o-^

i*m&/
Awaji j -^ Spring 

Active fault

N
0 4km

fig.2 Location of the GSJ Hirabayashi and Ikuha 
wells. Local springs are also plotted by closed circles. 
An interval of the contour is 100 m.

Active fault drilling was performed at Nojima 

Hirabayashi by Geological Survey of Japan (GSJ) for 

the purpose of direct observation of physical and 

chemical processes operating in the fault zone (Ito et 

al., 1996). Groundwater was pumped up from the 747 

m deep borehole, the Hirabayashi well (Fig.2). In this 

study, we analyzed chemical and isotopic 

compositions of the groundwater, and revealed the 

characteristics in comparison with local spring water 

and with groundwater obtained from the Ikuha well 

which was constructed for observation of crustal 

strain (Hg.2).
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Fig.3 Structure of the GSJ Hirabayasbi and Ikuha
wells.

Tablel Chemical compositions of groundwater
obtained from the GSJ Hirabayasbi and Ikuha wells.

Samples

Groundwater of the both wells were obtained

during pump test A screen or holes of the wells are

located at the depth from 630 m to 650 m at

Hirabayasbi and from 224.1 m to 245.9 m at Ikuha

(Fig3). However, there is a possible leakage of 152 m

depth at Hirabayashi. Now we are checking the truth.

In this study, we discussed our results in two cases

that the leakage exists or not

Temperature

Temperature of the Hirabayasbi groundwater is

lower than that of the Ikuha groundwater (Tablel),

which may indicate the depth of aquifer of the

Hirabayasbi groundwater is shallower than Ikuha. If

the leakage exists, mixing ratio of the 152 m

groundwater is thought to be very high. If no leakage ,

shallow groundwater might be sucked through the

vertical fault zone tapping the borehole during pump

test In the latter case, the fault zone is thought to be

permeable.

Tablel

Well

Sampling date

Temp.

_TTpH

E.C.

HCO,-

GCV

a
SO-

NO,

F

Br

Li*

Na+

K+

Ca1*

Mg*+

Sr*+

Mn1*

Feu

Fe1*

CO,

H,S

H,SiO,

HBO,

HAsO,

Hg

Cd

Pb

Cr

P

I

r

ms/m

mg/1

mg/1

mg/1

mg/1

mg/1O

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

mg/1

Hirabayasbi

1996/4/4

23.9

7.8

60.3

330

<5

20.4

5.1

<0.05

0.7

0.09

<0.1

36.2

4.7

56.2

20.0

0.5

0.16

1.00

0.94

<0.001

<0.001

57.2

1.20

0.008

0.0003

<0.005

<0.05

<0.01

0.01

<1

Ikuha

1996/3/13

25.4

0 f
O.O

60.5

340

8.6

11.5

1.3

<0.05

2.7

0.07

0

124

1.1

6.0

3.6

0.1

0.07

0.02

0.37

<0.001

<0.001

23.4

3.80

<0.001

<0.0002

<0.005

<0.05

<0.01

<0.01

<1
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Hirabayashi well
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Cations Anions 
42024 meq/lAwaji Island

14

5km

Fig.4 Stiff diagrams of groundwater obtained from the GSJ Hirabayashi and Ikuha wells in addition to 
local spring water. Analysis of major chemical compositions of local spring water was done by Sato and 
Takahashi (1997).

Chemical compositions

Concentrations of the major chemical compositions 

are shown in Fig. 4 as Stiff diagrams. Major cation 

and anion of the Hirabayashi groundwater are calcium 

and bicarbonate ions, respectively. Shape of the 

diagrams of the Hirabayashi groundwater is very 

similar to local spring water, which supports the

possibility that the Hirabayashi groundwater is 

shallow groundwater. Aquifer of the local spring 

water is estimated to be fractures in granitic rocks 

widely distributed at the northern part of Awaji Island 

(Sato and Takahashi, 1997). Similarly, aquifer of the 

Hirabayashi groundwater is thought to be located in 

the granitic rocks.
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Isotopic compositions

Isotopic compositions of the Hirabayashi and 

Ikuha groundwater are shown in Table 2. First, the 

hydrogen and oxygen isotopic ratios are same as the 

local meteoric water, because the both groundwater 

are plotted on the "meteoric water line" in Fig. 5. The 

meteoric water line was calculated by using isotopic 

data of local spring water (Sato et al.. 1999). Thus, the 

Hirabayashi groundwater is thought to be the local 

groundwater and not stay for a long time on condition 

that water - rock interaction occurred.

Second, in the other stable isotopic compositions 

in Table 2, we can not detect remarkably different 

characteristics from local meteoric water. The helium 

isotopic ratio of the Hirabayashi groundwater is same 

as that of atmosphere.

Finally, the tritium concentrations of the both 

groundwater were lower than 1 TU (Table 2). Such 

low tritium concentration indicates that the 

groundwater was recharged before 1953 (Freeze and 

Cherry. 1979).

-35

Table 2 Isotopic compositions of groundwater 
obtained from the GSJ Hirabayashi and Ikuha wells.

Well

Sampling date

(5D(SMOW)

6 "O (SMOW)

6 UC (PDB)

<5 MS(CDT)

JHe/4He

3H

Hirabayashi

1996/4/4

%> -50.0

£ -7.9

£ -12.0

£ +8.9

xlO* 1.40+0.05

TU <1

Ikuha

1996/3/13

-54.3

-8.5

-8.5

+413

1.56+0.10

<1

Q

-40

-45

-50

-55

Meteoric water line

Ikuha Hirabayashi

-9 -8 -7
18<50

Fig.5 6 D- S "O diagram of groundwater obtained from the Hirabayashi and Ikuha wells. Data of local 
spring water are from Sato et al. (1999). The meteoric water line was calculated by using data of the local 
spring water.
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6 D (%o)

Fig.6 Altitude - 6 D diagram of local spring water (Sato et al., 1999). Dotted lines show groundwater 
recharge lines with the slopes of -2.0 %o / 100 m and -3.0 %o / 100 m.

Estimation of the recharge altitude

Fig.6 shows the groundwater recharge lines 

estimated by using data of local spring water (Sato et 

al., 1999). If the larger slope of -3.0 %o /100 m is 

chosen, the recharge altitude of the Hirabayashi and 

Dcuha groundwater are estimated at about 350 m and 

500 m, respectively. These altitudes are almost same 

as that of top of mountains near each well. Therefore, 

the bom groundwater are thought to be recharged at 

high altitude area of the island.

Altitude 

300m-

200m- 

100m- 

Om

Discussion

In this section, we discuss the characteristics of the 

Hirabayashi groundwater using Fig. 7. First, the 

recharge altitude of the groundwater was estimated at 

high altitude area by hydrogen and oxygen isotopic 

data. The period of the groundwater flow may be over at Hirabayashi. 

40 yean because of the low tritium concentration.

Rg.7 Schematic diagram of the groundwater flow
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Flow path of the groundwater is thought to be located 

in granitic rocks based on local geology and major 

chemical compositions. Second, the depth of aquifer 

of groundwater obtained from the Hirabayashi well 

may be shallower than that of screen of Doiha (224.1 

m) because of lower temperature than Dcuha. If the 

leakage exists at 152 m depth, the most part of the 

Hirabayashi groundwater may be groundwater 

coming from the leakage. If no leakage, shallow 

groundwater might be sucked by pump test through 

the fault zone of the Nojima fault
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DEEP SURPACE-WATER FLOW NEAR THE NOJIMA 
EARTHQUAKE FAULT
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ABSTRACT The Nojima earthquake fault for the Southern- Hyogo Prefecture Earthquake runs 

almost parallel to the northwest coastline of Awaji Island. It is several hundred meters inside from 

the coast, stretching from northeast to southwest. The cores were taken from the 1800m 

University drilling hole at Ogura to survey the fault, in which were recognized to the bottom of 

the hole many weathered cracks. Several of unconsolidated brown clay veins which filled 

opening cracks were also recognized. In 747m and 1839m cores taken by Geological Survey of 

Japan ,and National Reserch Institute for Earth Science and Disaster Prevention respectively at 

Hirabayashi .consolidated brown colored veins are also recognized. As a result of the X-ray 

powder diffraction these clays are composed of clay minerals and carbonates such as siderite and 

calcite. Thin sections of consolidated veins clarified that these veins are composed of carbonate 

materials.The top of the University drilling hole was about 45m above the sea level, therefore 

mos't of the core was far below from the stable groundwater table. Then these phenomena are 

very rare. We think that the cause of these cracks and clay veins was the rapid flowing- in of 

groundwater near the ground surface along well cracked zone near the Nojima fault fractured 

zone before and after the earthquake, and that the consolidated veins are formed from injected 

clay veins above mentioned. These phenomena suggests the process of recovery of 

impermeability and strength of the fractured zone.

key words: crack-filling clay, weathered crack, consolidated carbonate vein, groundwater 

fluctuation, carbonate, Nojima earthquake fault, Southern-Hyogo Prefecture Earthquake 

(Hyogoken Nanbu Earthquake), drilling core

INTRODUCTION

Usually there are cracks in the hard rock mass whether they are many of a few. Near the surface

of the ground, the rock mass becomes loose, these cracks open, and groundwater easily comes
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into these cracks.lt is well-known that there exists a weathered zone in the underground from 

the surface to some depth, usually from a dozen meters deep to several tens meters deep. Deeper 

than this zone, weathering becomes less and less and at last the rock mass becomes fresh. But the 

drilling cores of the 1800m university hole ,GSJ and NIED hole dose not show the ordinary 

appearance. There are many weathered cracks and crack-filling clays and consolidated carbonate 

veins. We would like to examine these phenomena and fathom their causes.

DRILLING SITE AND GROUNDWATER LEVEL

The Nojima earthquake fault runs almost parallel to the northwest coastline of Awaji Island. It is 

several hudred meters inside from the coast, stretching from northeast to southwest (Lin and 

Uda 1996). The 1800m University drilling hole at Ogura is drilled almost vertically till the depth of 

800m and below this depth dipping about 75- (from the horizontal), directing to the northwest to 

make the right angle with the fault. The distance of the bore hole bottom from the seacoast is 

about 550m. Usually at a place near the sea like this site, the groundwater level is higher than the 

sea water level. The elevation of the groundwater table of this hole is 5.8m from the hole top.

GROUNDWATER FLUCTUATION AFTER THE EARTHQUAKE

As for the groundwater fluctuation at Awaji Island immediately after the earthquake, many 

discharges of groudwater near the Nojima fault and at many places in Awaji Island are reported 

by Touda (1995).These discharges dried up 4 months later and that the ground water level of 

wells also lower down compared with the level before the earthquake at Nuruyu district,northern 

AwajiCThe Japan Society of engineering Geology Edited(1996). Osada(1997) reports that the 

water level of irrigation ponds in the Kobe Group and the Osaka Group distributing areas was 

restored, while the water level of the irrigation ponds in the granite areas is not restored even 2 

years after the earthquake. As a reason for this difference he says there occurred some change 

inside of the granite area which include the Nojima fault.

WEATHERING OF THE CRACKS

We observed all of the cores of university hole. All the rock mass was relatively solid except in the 

fractured zone. Many of the cracks were reddish brown in color through oxidization (Fig. 1). It is 

surprising to see many of oxidized cracks at this depth far below the groundwater table. The 

angles of these cracks are various from high to low. There is not any particular angle which is
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peculiary oxidized. Because the bore hole is almost vertical, the chance to come across a high- 

angled crack(from the core axis)is bigger than to come across a low-angled crack. Therefore we 

can not say definately whether there is a relationship between the oxidization and the crack 

angle. The directions of the cracks are unclear, because they are in the drilling core.

WEATHERING CONDITION OF THE CRACKS IN THE ORDINARY ROCK 

Usually there are cracks in the hard rock mass whether they are many of a few. Near the 

surface of the ground, the rock mass becomes loose, these cracks open, and groundwater easily 

comes into these cracks. It is well-known that there exists a weathered zone in the underground 

from the surface to some depth, usually from a dozen meters deep to several tens meters deep. 

Deeper than this zone, weathering becomes less and less and at last the rock mass becomes fresh 

and many of the cracks are closed. Permeability is also high in the weathered zone and small in 

the fresh zone. Rock itself is impermeable, so permeability here means the permeability of the 

cracks. The level of the groundwater is logically decided by the balance between the flow-in and 

flow-out of the groundwater, but generally it is often placed about the borderline between the 

weathered zone and the fresh zone. The groundwater level is almost always tilted and the water is 

flowing from the high potential to the lower potential. With this flow of the groundwater 

containing rich O2, cracks are oxidized. Deep in the underground, however, the groundwater 

flow is slow and the oxidized cracks are fewer. For example, in the 1000m deep core, which was 

drilled by Geological Survey of Japan at Inagawa-machi, Hyogo Prefecture, none of the cracks 

were oxidized(Fig.2).

UNCOSOLJDATED BROWN CLAY (CRACK-FILLING CLAY)

We have already said in Section WEATHERING OF THE CRACKS that the cracks of the 1800m 

University hole were highly oxidized. Inside of these oxidized cracks we often found out 

unconsolidated days sticking to the surface of the cracks. These clays are of high water content 

and their color was from yellowish brown to reddish brown. The clays we found out were very 

fine that we scarecely felt the grain between our fingers, and it was quite similar to the filling clay 

which fills the opening cracks in loosened rock mass near the ground surface which is often found 

in the inspection adits of damsites. Filling clay here means the clay which flows in from outside as 

was suggested by Tsunoda, Miyakoshi and Ogata(1979). They describes the characteristics of it 

as follows: 

Grain size is very small (50% grain size is less than 20 UL m).



It contains minerals which do not exist in the host rock .

It has a close relationship with the loosening of the rock .

Naked eye can easily discern it from its grain size, color and water content.

It works as an indicator to show the high permeability of the rock.

In addition to these characteristics, Wakizaka, et al.(1997), Wakizaka.et al.(1998) give us other 

characteristics as below (many of the samples in these reports are taken from several tens meters 

deep from the ground surface):

It contains more of Fe2 Os compared with the clay of other origins.

Weathered origin, such as halloysite, gibsite and goethite are seen. 

The rate of amorphous content is high.

Brownish color is one of the characterisic indicator to discriminate from other origin. 

We use the term of crack-filling clay in the same meaning as that defined by Tsunoda et al.(1979) 

and Wakizak et al.(1998).The width of the clay veins we see in the university core is almost all less 

than a few millimeters. Most of the host rocks these clay veins are hosted are hard and are not 

softend through hydrothermal alteration. We took three samples of clay from comparatively 

wide clay veins and made analysis of them with X-ray powder diffraction. The depths of the 

samples are 1320.80m, 1323.60m and 1665.15m. The 1320.80m sample was from a caly vein 

which was l-2mm wide, in a hard host rock and was 70- from the boring axis(Fig. 3a). The 

1323.60m sample clay was soft and of high water content The clay clung into a crack of 40-from 

the drilling axis, and it still kept a tip of its host rock. This clay seemed to be the thickest and the 

most typical crack-filling clay in the whole bore hole(Fig. 3b). The 1665.15m clay was 3mm wide, 

caught in a crack at the angle of 30- from the drilling axis. The lower part of its host rock was 

hard but the upper part was soft and white (Fig.Sc). In order to make comparisons, we made the 

same analysis on the fault gouges (Hirabayashi outcrop and 388.42m deep gouge in the 500m 

University hole), and also on the host rock (1545.60m deep in the 1800m University hole). The 

drilling mud is also analyzed in order to eliminate the influence to the clays. 

The result is in the Fig.4. The figure shows that the difference between the fault gouges and the 

host rock lies whether biolite is contained or not. But there is a big difference of the components 

between the fault gouges and the crack-filling clays. Crack-filling clays are of carbonates, such 

as calcite (CaCOs) and siderite (FeCOs), and of montmorillonite, quartz, feldspar. Especially the 

1320m and the 1665m days are composed of almost the same components. The 1323m clay 

contains more of calcite than the other two. The drilling mud consists mainly of quartz 

.montmorillonite and calcite.Therefore some of montmorillonite in the crack-filling clay and fault
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gouges may come from the drilling mud. But montmorillonite is also observed in the sample from 

Hirabayashf outcrop where is not affected by the drilling mud. The content of calcite in the 

drilling mud is so small that influence to the crack-filling clays is negligible .When we consider the 

characteristics we examined before in this section, these three samples of crack-filling clay may 

be said to contain more of carbonates than the typical crack-filling clay. The crack-filling clay 

distributed near the ground surface has generally high content of Fe2O3 in rich O2 environment 

(Wakizaka et al. 1997.1998).On the other hand, siderite can be formed from Fe2Os in the water 

which contains CO2 under the condition of low EhCoxidation potential)(Garrels and Christ(1965). 

Sato and Takahashi(1997) report that chemical composition of deep well water at Hrabayash of 

GSJ is composed of high content of HCO3". Arai.Okusawa and Tsukahara(1998) also report high 

content of CO2 in the drilling core of the 1800m university hole and high content of H2 in lower 

part. Therefore the condition is satisfied. Then crack-filling clay appears as Fe2Os in shallow zone 

where O2 is rich, however, appears as siderite(FeCOs) indeep zone where CO2 is rich and poor in

02.

CONSOLIDATED CARBONATE VEIN

In the cores taken by GSJ and NIED at Hirabayashi many consolidated hard veins are recognized. 

Some veins make no discontinuity in the coresCFig. 5 a,b), tightly connect the host rock. Some 

veins make discontinuityCFig. 5 c ). Other veins have sometimes cavities,which daiameter are 

about 10-15mm (Fig.5 d,e ). Thin sections of these veins clarified that these are composed of 

carbonate materials (Fig. 6 a.b ). These carbonate veins are considered to be formed from 

unconsolidated clay veins above mentioned.

FLOWING-IN MODEL OF THE GROUNDWATER AND PROCESS OF RECOVERING THE 

IMPERMEABILITY AND STRENGTH OF FRACTURED ZONE

In former Sections we checked the characteristics of weathered cracks, the distribution of 

crack-filling clays and consolidated hard carbonate veins. On the basis of these, here we can say 

almost certainly that the groundwater which had been near the earth surface came down rapidly 

onto this level along the cracks near the Nojima fault. If the velocity is slow O2 in the water should 

have been consumed during the infiltration to deep zone. Arai.Okusawa and Tsukahara(1998) 

describe that origin of C is from the surface of the ground. But this phenomenon   the ground 

water flowing down far deeper than the stable ground water table   is rare as we said in the 

former Section. The difference of potential is necessary. For that deeper flow, following models
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are possible.

1) Far below the bore hole of our sampling, many new cracks had generated and flows of 

groundwater occured in order to fill these cracks before or simultaneously earthquake. .

2) The rock mass both near and below the bore hole had been saturated. When the great 

earthquake occured, groundwater flew up to or near the ground surface. The rock mass became 

unsaturated and new groundwater came down from the ground surface to saturate the rock 

mass .

3) Model 1) and model 2) occured simultaneously.

With the data we have at present, we can not decide which model is the most appropriate. As for 

the model 2), however, there is scarcely any doubt about it as we said in former Section. After 

the flow-in of the groundwater, crack-filling clays consolidate and seal the cracks. These sealed 

cracks should have contribute to recover the impermeability and strength of rock .

As carbonate materials are discovered in the fault gouges (Fujimoto et al. 1998),the possibility 

which they contribute also to recover the impermeability and strength of fault fractured zone is 

suggested.
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Figure 1. Photographs showing 
the occurrence of the brown- 
colored weathered cracks found 
in the Ogura 1800m cores.

a)The depth is 1317-1322m.
b) 1428.8m
c) 1605.1m

Atoy/mi haulf
liOO" Dr.ll.ngliolc

TOSHIMfl

Figure 2. Photograph showing 
the occurrence of the cracks in 
the ordinary rock. Cracks are 
not oxidized. This core was 
taken by GSJ at Inagawamachi 
Hyougo Pref.The depth is 960m

a)

c)

Figure 3. Photographs showing the occurrence of the crack-filling clays found in the 
Ogura 1800m cores.
a) Weatherd opening crack filled by unconsolidated clay. This figure shows the feature 
after removing the the clay,but at the left end of the core crack-filling clay is observed. 
Note no shear textures can be found in the granitic rock at both sides of the crack.
b)&c) Crack-filling clay deposited in the opening cracks at the depth of 1323.6m(b) 
andl665.1m(c).The crack-filling clay contains high water content, which is 
unconsolidated in the fresh cores. Note some pieces of the host rock stick to the crack- 
filling clay(b). The crack-filling clay which colore is brown filled oblique crack.The 
width of the clay is 3mm(c).
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Powder. Diffract Ion Pattern

bi: biotite
ca: calcite
ch: clinochlore(chlorite)
mo: montmorillonite
pi: plagioclase
qz: quartz

si: siderite

Clay(1323.60m) 
ca si

si qz 
Ciay(1320.80m)

Clay(1665.15m)

Fault gouge(Hirabayasi) 
qz

Core-fault gouge(388.42m)

Host granitic rock [ (1545.60m)

rg«nc« Slit : LM

 ring Silt : LM

vino Silt : 0.15

 ctmnt :

 ting Sp«ed :
Op«r»tor

kbasurlng 0«t« : IT. L 7 17:S4:«

Op*ratin« 0«t« : IT. L T 1I:}):1T

Figured Powder X-ray diffraction spectra of the crack-filling clay samples 
taken from the 1800m cores and fault gouges taken from the 500m cores and 
the outcrop at Hirabayashi. Drilling mud is also analysed. The crack-filling 
clays differ from fault gouges and are characterized by carbonate materials 
such as calcite and siderite.

  201  



* * 2 V V VI ^ 
SHJIMA FAULT GSJ CURE AT HIRABAYASHI 

DEPTH 4636 »

a)

 ..     y v  -  v v v i 11 
FAULT CSJ CORE AT IIIRABAY \SH! 

DEPTH 2578 m

I
NTED CORB AT HIRABAYASH! 

DEPTH 1362.5 m

b)

Figure 5. Photographs showing 
the occurrence of the consolidated 
carbonate veins. a)Hard l-2mm 
width vein.b) Hard vein connecting 
tightly host rock taken by N1ED at 
Hirabayashi. c) Consolidated hard 
carbonate vein forming the sharp 
discontinuity. d),e)Cavities in the 
consolidated carbonate veins. 
Diameter of the cavities is 10-15mm.

NOJJMA FAULT CSJ CORE AT IIIRABAYASHI ,^ 
DEPTH 3380 in flj

NOJIMA FAULT C S J CORE AT HIRABAYASHI 
DEP1II J84.I m

a) b)

Fiure 6. Photographs showing the thin sections of the consolidated carbonate veins. 
a)The same sample as Fig.Sa). Coarse grained calcite crystals grow from the wall, and 
very fine grained siderite crystals fill up the space(crossed polarizers). b)The same 
sample as Fig.5c).Fine grained calcite and siderite clystals fill up the space(crossed 
polarizers).
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ABSTRACT
To better understand the beat generation and 

transfer along earthquake fault, this paper presents 
preliminary zircon fission-track (FT) length data 
from Nojima fault, Awaji-shima Island, Japan, 
which was activated during the 1995 Kobe 
earthquake (Hyogo-ken Nanbu earthquake). 
Samples were collected from Cretaceous granitic 
rocks at depths using the Ogura 500 m borehole 
and Geological Survey of Japan (GSJ) borehole, as 
well as at outcrops nearby the boring sites. The 
Nojima fault plane was drilled at 389.4 m depth 
(along-core apparent depth) for Ogura and at about 
625 m for GSJ. For Ogura samples, FT lengths 
in zircons from localities >60 m away from the 
fault plane as well as those from outcrops are 
characterized by the mean values of-10-11 urn 
and unimodal distributions with positive 
skewness, showing no signs of appreciable 
reduction of FT length. In contrast, those from 
nearby the fault at depths show significantly 
reduced mean of-7-8 |im and distributions having 
a peak around 6-7 |im with rather negative 
skewness. A similar trend was observed for GSJ 
samples, in which the peak around 6-7 Jim is less 
dominant however. In conjunction with other 
geological constraints, these results are best 
interpreted by the recent thermal anomaly around 
the fault, which is attributable to the frictional 
heating of fault motion and/or heat transfer via 
fluids from the deep interior of the crust.

INTRODUCTION
Quantitative assessment of heat generation and 

transfer along earthquake fault is of primary 
importance in understanding the dynamics and 
geohistory of faulting, as well as in constraining 
the heat budget and thermo-tectonic evolution of 
mobile belts. Although the laboratory rock 
deformation experiments predict general 
occurrences of frictional heating in fault motions, 
the magnitude and extent of the resultant heating 
in nature has been a subject of long controversy 
concerned with the assessment of shear stresses on 
faults (e.g., Hanks & Raleigh 1980; Scholz 1996), 
due primarily to (a) lack of clear heat-flow anomaly 
near the San Andreas fault (Brune et al. 1969) and 
(b) rare occurrence of pseudotachylyte along 
geological faults, the existence of which suggests 
substantial heat generation (Sibson 1975). Heat

transfer processes around a fault zone may, 
however, be complex involving fluid flow, which 
can disperse the generated heat rapidly and may 
obscure the expected local thermal anomaly 
(OTCeil & Hanks 1980).

One of useful approach to tackle mis problem 
is the thermal history analysis using radiometric 
dating methods. In fact, apparent age reduction 
towards a fault was found for the Alpine fault, New 
Zealand (Scholz 1979), and Median Tectonic 
Line, SW Japan (Tagami et al. 1988b), and those 
patterns were initially interpreted by frictional 
heating and resultant temperature increase that 
caused the age resetting. Such observed age 
reduction, however, is two-dimensional and thus 
allows alternative interpretations. New data set 
from the Alpine fault were reinterpreted by the 
recent differential uplift giving young cooling ages 
(Kamp et al. 1989). To reduce such ambiguity in 
data interpretation, thermochronologic analysis is 
needed using a well-documented vertical section 
across a fault.

This paper reports preliminary zircon fission- 
track (FT) length data from the Ogura 500 m and 
Geological Survey of Japan (GSJ) boreholes in 
addition to the outcrops near the boring sites. 
The boreholes intersect at different depths the 
Nojima fault, Awaji-shima Island, Japan, which 
was activated during the 1995 Kobe earthquake 
(Figure 1). The observed track length 
distributions near the fault suggests the existence 
of recent thermal anomaly around the fault, which 
is attributable to frictional heating of fault motion 
and/or heat transfer via fluids from the deep interior 
of the crust.

SAMPLE AND EXPERIMENTAL 
OUTLINES

Following geological outlines for the Ogura 
site are after Murata et al. (1999). The Ogura 
500m borehole primarily comprises in the 
descending order (1) sands and gravels (0 - 118.0 
m; apparent depth along the core), correlative to 
the Plio-Pleistocene Osaka Group, (2) arkose 
sandstones and silty sandstones (118.0 - 191.6 
m), correlative to the Miocene Kobe Group and (3) 
granitic rocks (191.6 - 389.4 m), consisting 
mainly of granodiorite, correlative to the 
Cretaceous Ryoke Granitic Rocks, cropping out 
widely on the eastern side of the Nojima fault.
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GSJ borehole Ogura 500m borehole

Depth (m) Sample localities Depth (m)
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Track length ( At m)
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Fig. 1 Relative frequency distribution of 
fission track lengths in zircon

Sample localities:
GSJ borehole (DGSJ-TH01 @23 ®47 ®64 ®84 ®93 ®99

(2)103 ®119
500m borehole ®NF51-FTG01 ®02 ®04 ®06 ®19 ®08 
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These sequence is observed again beneath the fault 
at 389.4 m depth: sands and gravels (389.4   
410.7 m), arkose sandstones and silty sandstones 
(410.7 - 494.2 m), and granitic rocks (494.2 - 
SS0.7 m). Boundaries between the Osaka Group 
and Kobe Group (118.0 m and 410.7 m) as well 
as those between the Kobe Group and the Ryoke 
Granitic Rocks (191.6 m and 4942 m) are 
considered to be unconformable.

All samples used for analysis were collected 
from granitic rocks. For comparison, samples 
were also taken from two surface outcrops of 
granitic rocks; one adjacent (<30 cm) to the 
Nojima fault ("branched fault") nearby the boring 
site (NFL02) and the other 30 m away to the 
southeast of the fault (NFL03).

Samples collected from the GSJ borehole (Ito 
et al., 1996; Tanaka et al., 1999) were granitic 
rocks throughout. As for the case of the Ogura 
500m borehole, a sample was also taken from a 
surface outcrop of the granitic rock adjacent (<30 
cm) to the Nojima fault nearby the boring site 
(NF-HB1).

Zircon and apatite crystals were separated using 
conventional mineral separation procedures. 
Zircon mounts were etched in KOH-NaOH eutectic 
etchant at 250° ± 1°C for about 13 hours. Under 
this condition, the maximum widths of surface 
tracks reached 2.0 ± 0.5 fom in most grains of the 
samples (for this etching criterion, see Yamada et 
al. 1995a). Track lengths and angles to the c axis 
were analyzed on horizontal confined tracks 
(Laslett et al. 1982) revealed both as tracks in 
tracks (TINTs: Lal et al. 1969) and as tracks in 
cleavages (TINCLEs). Tracks with widths of 1.0 
± 0.5 urn were selected for measurement to reduce 
the influences of different etching states on 
measured lengths (Yamada et al. 1993,1995a). In 
the second-series of analyses (i.e., all GSJ samples 
and three Ogura borehole samples NFS 1-FTG12, 
NF51-FTG13 andNF52-FTG01), samples were 
repolished to reduce the optical perturbation by 
surface tracks. This facilitated the observation of 
confined tracks at the interior of crystals and thus 
improved the efficiency of measurement.

Apatite mounts prior to etching were irradiated 
by 58Ni ion using a tandem van de Graaff 
accelerator (Watanabe et al. 1991; see also Yamada 
et al. 1998) to increase artificially number of host 
tracks (i.e., tracks that cut the etched mineral 
surface and accordingly give a pathway of etchant 
to TINTs) because spontaneous track densities in 
the samples were expected to be generally too low 
to measure sufficient number of confined tracks. 
The apatite samples were etched in 0.6% HNO3 at 
32.5° ± 0.5°C for 2 minutes, and then served for 
track length analysis.

For the Ogura 500m borehole and outcrop 
samples, confined track lengths were measured at a 
fission-track laboratory newly setup in Kanazawa 
University, using a Nikon Optiphot microscope 
with lOOx dry objective connected with a digital 
camera and image analysis system. Track images

were monitored on TV screen where lengths were 
measured using a mouse at a marked position in 
the center. Measured lengths were calibrated 100 
times with the help of a microscale having a 
minimum scale of 0.1 urn. As a result, data 
acquisition precision was as good as less than 1%. 
GSJ borehole and outcrop samples as well as three 
additional Ogura borehole samples (i.e., NF51- 
FTG12, NF51-FTG13 and NF52-FTG01) were 
analyzed at the fission-track laboratory of Kyoto 
University. See Yamada etal. (1995a) and 
Tagami et al. (1988a) for the details of 
experimental procedures employed.

DETECTION OF SECONDARY HEATING 
OF ROCKS USING FISSION-TRACK 
THERMOCHRONOLOGY

The FT method is useful for thermal history 
analysis of the upper crust because fission tracks in 
minerals are annealed at temperatures of ~ 100° to 
300°C. Figure 2 illustrates how the secondary 
heating of rocks is detected by the single-grain age 
and track length distributions, using data from the 
contact metamorphic aureole in the Cretaceous 
Shimanto Belt formed by the intrusion of the 
Takatsukiyama Granite at 15 Ma (Tagami & 
Shimada 1996). Figure 2a shows representative 
examples of single-grain age distributions using 
age spectra (Hurford et al. 1984) and track length 
histograms. Sample SMTZ56, 10.6 km away 
from the contact, yields single-grain ages 
predominantly predating the depositional age, 
with no sign of partial resetting due to heating at 
15 Ma. Approaching the contact, single-grain 
ages increasingly postdate the time of deposition 
as a result of their partial resetting due to the 
paleotemperature increase (SMTZ39). Single- 
grain ages show a spread between the depositional 
age and 15 Ma time of heating, with an overall 
younging as the paleotemperature increases 
(SMTZ19). Eventually, ages converge to around 
the 15 Ma heating and become statistically 
concordant with each other (SMTZ07 to 03).

Track length distributions also show variations 
consistent with increasing resetting due to the 
heating at 15 Ma. In unreset samples, e.g., 
SMTZ56, track lengths show a unimodal 
distribution with a small number of tracks shorter 
than 9 |im. Their average lengths are ~10 \un and 
close to the reference value of 10.5 ± 0.1 ^m (1 
standard error) determined for zircon age standards 
from rapidly cooled volcanics (Hasebe et al. 1994) 
(note that this reference is for tracks >60° to c 
axis). Approaching the contact, samples that 
experienced higher paleotemperature have tracks 
which were significantly annealed and shortened 
with a greater number of tracks <9 jam and mean 
lengths <10 urn (SMTZ39). In the more 
advanced stage of track annealing, track lengths are 
characterized by both bimodal distributions and 
shorter mean lengths of 9-7 \un (SMTZ19). They 
comprise two components; (1) preexisting tracks 
shortened to various degrees by the Miocene
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Figure 2. Thermal annealing characteristics of fission tracks at geological timescales. (a) Zircon 
single-grain age and track length distributions formed by the long-term heating of Cretaceous 
Shimanto sandstones due to the thermal influence of the intrusion of Miocene Takatsukiyama Granite 
(Tagami & Shimada 1996). Approaching the contact (i.e. from SMTZ56 to 03), the ages exhibit a 
systematic reduction from -120 Ma detrital ages to -15 Ma total reset ages, which is concordant with 
the zircon age of the granite (15.0 ± 0.8 Ma) that reflects post-emplacement cooling. Accordingly, 
track length distributions show a systematic variation from the initial unimodal distribution (i.e. 
SMTZ56), through the bimodal one with a significant number of tracks shorter than 9 \un (SMTZ19), 
to the unimodal one (SMTZ03). (b) Thermal stability of fission tracks in apatite and zircon. TSZ = 
total stability zone, PAZ = partial annealing zone, TAZ = total annealing zone. The upper and lower 
temperature limits of PAZ are given as total fading and 5% length reduction of spontaneous tracks, 
respectively. The temperature values are after Green et al. (1989) for apatite and Tagami & Shimada 
(1996) for zircon: the latter was adjusted for a heating duration of 10 m.y using the kinetic functions 
ofYamadaetal.(1995b).
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heating and (2) unannealed tracks with original, 
long lengths formed and accumulated after 
intrusion. Initially, component 1 is dominant in 
the distributions (SMTZ56 to 39), followed by 
the emergence and increasing overlap of 
component 2 (SMTZ19). Finally, as resetting 
approaches completion, component 1 greatly 
diminishes and eventually disappears, leaving 
behind component 2 with a unimodal distribution 
(SMTZ07 to 03). Mean lengths in such samples 
are similar to the reference value of standards 
(Hasebe et al. 1994).

Figure 2b summarizes the temperature ranges 
that can be analyzed by the FT method. Three 
temperature zones can be defined as first-order 
approximation for apatite and zircon FT systems, 
respectively: the total stability zone (TSZ) where 
tracks are thermally stable and hence accumulated 
as time elapsed; the partial annealing zone (PAZ) 
where tracks are partially stable and slowly 
annealed and shortened; and the total annealing 
zone (TAZ) where tracks are unstable and thus 
removed soon after their formation. Also shown is 
the approximate correlation between those 
temperature zones (Figure 2b) and the track age- 
length distributions (Figure 2a). We accordingly 
can reconstruct the secondary heating of host rocks 
using single-grain age and track length 
distributions, both of which are characteristic of 
degree of heating. In particular, track length data 
is useful for a preliminary study because of greater 
resolution to degree of annealing in addition to a 
prompt analysis without neutron irradiation.

RESULTS AND INTERPRETATION
Apatites exhibited few confined tracks in each 

sample despite of the 58Ni ion irradiation, and 
thus were not employed for thermal history 
analysis. In contrast, zircon samples yielded 
spontaneous track densities sufficiently high 
(>106cra-2) for reliable track length analysis. 
Sixteen samples were analyzed on the outcrops ' 
and borehole section for the Ogura locality and ten 
samples for the GSJ locality (Figure 1; which 
shows data only from successive parts of borehole 
sections around the fault).

It is found from the Ogura borehole that FT 
lengths in zircons from localities >60 m away 
from the fault plane as well as those from outcrops 
are characterized by the mean values of -10-11 \un 
and unimodal distributions with positive 
skewness. In contrast, those from nearby the fault 
at depths (i.e., NF51-FTG14, 16 and 17) show 
significantly reduced mean of-7-8 urn and 
distributions having a peak around 6-7 urn with 
rather negative skewness. The former pattern is 
similar in the mean length to spontaneous tracks 
in unannealed zircons (i.e., 10.8 \un for all 
azimuth angles; Hasebe et al. 1994), and thus is 
interpreted by the cooling through the temperature 
zone of track shortening (i.e., the zircon PAZ in 
Figure 2b) after the emplacement of granite, with 
the absence of effective secondary heating into the

PAZ in more recent times. The latter indicates 
substantial track shortening due to partial 
annealing and is interpreted either by the existence 
within the zircon PAZ for an extended period of 
time during the initial cooling of granite down to 
within the PAZ, or by the secondary heating up to 
within the PAZ after the initial cooling of granite 
below the PAZ (i.e., the zircon TSZ in Figure 
2b). In either case, die samples were finally 
cooled below the PAZ as indicated by the modem 
environmental geothermal temperature of < 40°C 
around the boring site (Yamano et al., 1999), 
which is much lower than the lower temperature 
limit of zircon PAZ, i.e., ~230°C.

A similar trend was observed for GSJ samples, 
in which the peak around 6-7 |im is less dominant 
however. A notable feature of the obtained track 
length profile is that tracks are more intensely 
annealed at localities siginificantly below the main 
shear zone. Further, we found a large proportion 
of preserved, long tracks with a small number of 
shortened ones at localities of around 150-300 m 
depth.

DISCUSSION
Although the zircon age determination is 

needed to specify the time of final cooling, we can 
roughly deduce the time using the shape of 
observed track length distributions with significant 
number of shortened tracks (e.g., NF51-FTG14): 
in which, the longer, unannealed tracks with 
lengths > 9 u,m (i.e., tracks accumulated during a 
period from the final cooling to the present) are 
less than the shorter, annealed ones with lengths 
-5-8 \im (i.e., accumulated from the initial 
cooling of granite to the final cooling). In 
addition, the shorter component in the 
distributions is relatively more dominant than the 
case of-15 Ma secondary heating on -120 Ma 
zircons (e.g., SMTZ19 in Figure 2a; see also the 
discussion in Tagami & Shimada (1996)), 
suggesting a relatively shorter period of time from 
the last cooling to the present than SMTZ19. As 
the zircon FT age of the initial cooling is around 
60 Ma in the Ryoke belt (Tagami et al. 1988b, 
1995), it is likely that the samples were finally 
cooled at <7-8 Ma, possibly in Quaternary.

The region of high paleotemperature observed 
in the Ogura 500m borehole ranges >5 m in 
apparent along-core depth from the fault, which is 
equal to >3 m in the distance from the fault. In 
addition, such region was not found from the 
outcrop sample (NFL02), and thus likely restricted 
to the crustal interior. To further constrain the 
formation of the region, here we consider the 
variations in mean track length vs. depth that are 
generally expected for the borehole section across 
the fault. Three models would be plausible that 
accompanies the significant change in mean track 
length: (a) thermal anomaly along the fault, in 
which case the mean track length shows local 
reduction around the fault, (b) local uplift of the 
fossil zircon PAZ by the thrust motion of the fault,
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in which the downward gradual reduction in mean 
length (which was formed as a consequence of the 
downhole increase in geothermal temperature at 
depth) may emerge repeatedly in the section, and 
(c) regional uplift of the fossil PAZ, in which the 
mean track length shows monotonous downward 
reduction without any sudden change across the 
fault.

The model (a) corresponds to the secondary 
heating mentioned in the last paragraph: whereas, 
the models (b) and (c) to the existence within the 
PAZ for an extended period of time. Since 
samples below the fault in the Ogura 500m section 
(i.e., NF52-FTG01 and NF52-FTG02 from 497 
and 550 m depths, respectively) yield no 
significant reduction in the mean length, the 
model (c) is not applicable to the present case. 
The width of high paleotemperature region is as 
narrow as < 63 m above the fault (Figure 3) and 
hence the region cannot be explained by the fossil 
PAZ under subnormal island-arc geothermal 
conditions. (Note that there is no geological signs 
of magmatism-related thermal anomalies around 
the boring site in the recent past.) In addition, the 
region is -200 m beneath the base of Miocene 
Kobe Group, and this indicates that the total 
amount of post-Miocene uplift is of limited near 
the boring site. These facts are not compatible 
with the models (b) and (c). Based on these 
considerations, therefore, the present track length 
data are best explained by the model (a). The 
deduced thermal anomaly is likely attributable to 
the frictional heating of fault motion and/or heat 
transfer via fluids from the deep interior of crust. 
To resolve these two factors, it is necessary to 
compare and contrast the observed FT length 
profile with that of rock deformation and alteration 
being accumulated. In addition, more detailed FT 
thermochronological analysis involving age 
determinations is currently undertaken on the 
present borehole as well as on other deeper 
boreholes across the Nojima fault, with a particular 
focus on the rocks nearby the fault.
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ABSTRACT

The fault gouge zone in the Nojima Fault GSJ 

750m drilling core samples has been analyzed by 

ESR, ICP-AES/MS and XRD. By ESR 

measurement, E', peroxy and Al centers in 

quartz and quartet ESR signals in 

montmorillonite are detected from the fault 

gouge, and they had hardly been affected by the 

faulting in the 1995 Kobe Earthquake. In 

addition, strong Mn1* ion signals also are 

detected from the fault gouge just on the fault 

surface. The existence of Mn1* ion signals 

suggests that reduction once occurred along the 

fault surface. On the other hand, high 

concentrations of CaO and rare earth elements 

in the yttrium group are detected from the fault 

gouge just on the fault surface by ICP-AES/MS. 

No prominent change of Ca-rich minerals are 

detected from the fault surface by XRD analysis. 

The high CaO may be attributed to anomalously 

discharged groundwater with large amounts of 

Ca ions, which occurred along the Nojima Fault 

just after the Kobe Earthquake. Furthermore, 

the ICP-MS data on U, Th and Pb isotopes 

indicates that no Rn anomaly occurred along this 

fault gouge zone, and that the U- and Th-series in 

the fault gouge zone have been in disequilibrium

states. The disequilibria of U- and Th-series are 

probably attributable to the migration of ***U 

and 233Th, and/or the whole Pb isotopes. 

According to XRD analysis of the fault gouge, the 

peaks of smectites and laumontite in the lower 

fault block extremely decrease with approaching 

the fault surface. These peaks are hardly 

detected from the foliated gouge in the upper 

fault block. These results show that smectites and 

laumontite with H2O molecules may have been 

decomposed and dehydrated by frictional heat in 

previous faulting.

INTRODUCTION

In the 1995 Kobe Earthquake, many natural 

phenomena accompanied with the Earthquake were 

observed. In order to clarify the mechanism of 

these earthquake-related phenomena, it is probably 

effective to analyze by various analytical techniques 

the fault-related materials collected from deep 

positions just after the Earthquake. In this work, 

we inspect the resetting state of ESR signals and 

elucidate radioactive disequilibria in the fault gouge 

zone for the purpose of the clarification of the 

earthquake-related phenomena such as water 

discharge or radon anomaly along the Nojima Fault. 

The samples used for ESR, ICP-AES/MS and XRD
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analyses are the fault gouge zone (623 J~625.1m 

in depth) in the Nojima Fault 750m drilling core 

samples collected from Nojima-Hirabayashi by 

Geological Survey of Japan (Ito et al., 1996; Tanaka 

et al., 1998; 1999).

SAMPLE PREPARATION

The fault gouge generated along the fault 

surface is divided into two parts; gray or dark gray 

foliated gouge in the upper fault block and white 

gray or rusty gouge with fault breccia in the lower 

fault block (Tanaka et al., 1998; 1999). The foliated 

gouge has been cut and displaced by many cracks, 

so that it is clear that the foliated gouge had been 

formed before the 1995 Earthquake.

Before ESR, ICP-AES/MS and XRD analyses, 

the fault gouge was treated as follows: First, epoxy 

resin on the surface around the fault gouge was 

chipped by a diamond cutter. Next, the fault gouge 

was separated into 16 sheet parts along the fault 

surface (d=0mm) and foliation with a resolution of 

6mm. Each sheet part was twice washed in pure 

water using a supersonic washer and then separated 

from the supernatant solution by centrifugation and 

Millipore filters (0.45 JU m). We did not carry out 

any other sample treatments. Each bulk sample 

obtained by these treatments was used for ESR, 

ICP-AES/MS and XRD analyses.

ESR ANALYSIS

Figure 1 shows ESR spectra obtained from each 

sheet part of the fault gouge at room and low (77K) 

temperatures. ESR measurements were carried out 

using an X-Band ESR spectrometer (JEOL RE-2X 

and RE-3X) with a 100kHz modulation width. 

ESR spectrum data were accumulated 3 times using 

a computer system. The sample weight used for the 

ESR measurements is lOOmg. In the spectra, we can

observe an E* center derived from an oxygen 

vacancy (g=2.001: McMorris, 1970; Griscom, 

1979), a pcroxy center derived from an oxygen 

interstitial (glSs2.067(av.), g2=2.0078, &:=2.0016: 

Stapelbroek et a/., 1979; Griscom, 1979), and an Al 

center derived from an aluminum ion which has 

replaced a silicon ion (Schnadt and Rauber, 1971) 

in quartz, and a quartet ESR signal derived from 

montmorillonite (g.=2.048, gb=2.0102, g,.=1.9956, 

&sl.981: Fukuchi, 1996). These ESR signal 

intensities are almost unchanged, so that they had 

hardly been affected by the faulting in the 1995 

Kobe Earthquake. Especially, the Al center has its 

intrinsic hyperfme structure (hfs) by the interaction 

between a nuclear spin and an electron spin, which 

can be easy annihilated by heating. However the hfs 

remains almost unchanged even in the 0~6mm or 

-6~0mm sheet parts of the fault gouge just on the 

fault surface. This result indicates that heat did not 

rise so much along the fault surface in the 1995 

Kobe Earthquake.

In addition to these ESR signals, strong six ESR 

signals are detectable from the fault gouge just on 

the fault surface. These signals are derived from 

Mn2* ions in the fault gouge. A Mn2* ion signal is 

splitted into six hyperfme lines by the interaction 

between a nuclear spin and an electron spin. 

According to the result from ICP-AES (Fig.2), high 

MnO is undetectable from the fault gouge just on 

the fault surface, so that once reduction may have 

occurred along the fault surface.

ICP ANALYSIS

Figure 2 shows the results from each sheet part 

of the fault gouge by ICP-AES and MS. As shown 

in the figures, the concentrations of CaO and rare 

earth elements of the yttrium group become 

prominently high over measurement errors (1 O-S
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Figure 1 ESR spectra obained from the fault gouge in the GSJ 750m drilling core samples. Measurement conditions: 
A) Microwave frequency 9.44GHz, Temperature RT, Microwave power ImW, Modulation width 100kHz O.OSmT, 
Response 0.3s, Sweep time 8mia; B) 9.44GHz. RT, O.OlmW, 100kHz O.OSmT, 0.3s, 8mia; QD) 9.22GHz, 77K, 
ImW, 100kHz O.OSmT, 0.3s, Smin.
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Figure 2 Variations of major (A) and rare earth (yttrium group) (B) elements in the fault gouge detected by ICP-AES 
and MS. The distance from the fault surface was measured at the center of each sheet part of the fault gouge.

~15%) in the 0~6mm and -6~0mm sheet parts of 

the fault gouge just on the fault surface. No 

prominent change of Ca-rich minerals are detected 

from around the fault surface even by XRD analysis 

(Fig.5). Sato and Takahashi (1997) reported that 

the anomalously discharged groundwater which 

occurred along the Nojima Fault just after the Kobe 

Earthquake contained large amounts of Ca ions, and 

that the groundwater collected from the bottom of 

the GSJ 750m drilling hole also contained high 

CaO. Therefore, the high CaO detected from the 

fault gouge just on the fault surface may be 

attributed to the anomalously discharged 

groundwater in the Kobe Earthquake. The rare 

earth elements in the yttrium group also are carried 

and concentrated into the fault gouge along the fault 

surface with the anomalously discharged 

groundwater. The origin of the anomalously 

discharged groundwater is still unclear.

Figure 3 shows the ratios of ^Pb/^U and 

" pb/232!!! in the fault gouge and its source rock 

obtained by ICP-MS. As shown in the figure, the 

anomalies of "W3^ and **Pb/233Th ratios are 

undetectable from the fault gouge. If Rn anomaly 

caused along the fault surface in the Kobe

Earthquake, ^Pb and ^Pb which are the finally 

stable daughter nuclei in the U- and Th-series may 

concentrate in the fault gouge near the fault surface. 

Therefore, these ICP-MS data indicates that Rn 

anomaly did not occur along this fault surface. As a 

result of ICP-MS analysis of the Nojima Fault 500m 

drilling core samples (Fukuchi and Imai, 1998; 

1999), Pb anomaly was detected along the fault 

plane, however the ICP data in this work indicate 

that the Rn anomaly does not always occur 

throughout the whole fault plane of the Nojima 

Fault. In addition, the drilling hole is more or less 

10cm in diameter and a very small spot, so that it 

may be very difficult to detect by such a pin spot the 

Rn anomaly on the fault plane of the order of 

100km2 in area.

Figure 4 shows the U-Pb, Th-Pb and Pb-Pb 

isochrons obtained from the fault gouge and its 

source rock. There exist no linear relationship 

between ^Pb/^Pb and ^U/^Pb or ^Pb/^Pb and 

2MTh/ao4Pb. This result indicates that the U- and 

Th-series in the fault gouge zone have been in 

radioactive disequilibrium states. On the other 

hand, there exist linear relationships with high 

correlation coefficients (R=0.951,0.961) between

  214  



A 10 

B 

8

7 
Oi e 
g"f-

2 

1

0
61

  JOePb/MtU 

  K*Pb/23m

 

 

 

 

 

,

 

.

.
 

   

:

*  i
»j

*i *
p

 

»

 

»

*   

o

TOPIC RA

8

  206Ph/Z3«U
  208Pb/232Th

^-

V

-« _ 

    \

 -^

\^
  .

/
>

~~^"

  9-

  e-

  *-

   6-

  5-

t  4-

  e-
-~  .
  f-

»

y
-, ,

^-»  \
V

»~_^

>.

9 620 621 . 622 623 624 625 626 ~*0 -50 -40 -30 -20 -10 0 10 20 30 * 

DEPTH ( ) DISTANCE FROM THE FAULT SURFACE (  )

Figure 3 Isotopic ratios of the U- and Th-series in the GSJ 750m drilling core samples. A) The fault gouge and its source 
rock (Nojiraa Granitoid), B) The fault gouge around the fault surface. The distance from the fault surface was measured 
at the center of each sheet part of the fault gouge. The fault surface is located at 625.13m in depth.

and ""Pb/^Pb, and ^b/^Pb and 

. If the radioactive disequilibria in the 

fault gouge zone are attributed to the migration of 

the daughter nuclei of ^U and 232Th, the ratios of 

Pb isotopes must change. Therefore, the radioactive 

disequilibria are probably attributable to the 

migration of ^U and 232Th, and/or the whole Pb 

isotopes.

XRD ANALYSIS

Figure 5 shows X-ray diffraction (XRD) 

patterns obtained from the fault gouge. In addition 

to quartz, feldspars and carbonate minerals, the 

peaks of smectites and laumontite are detected from 

the fault gouge in the lower fault block, but they 

extremely decrease in the -6~0mm sheet part just 

on the fault surface. On the other and, these peaks 

are hardly detected from the foliated gouge in the 

upper fault block. Smectites and laumontite with 

H2O molecules may have been decomposed and 

dehydrated by friction a 1 heat in previous faulting. 

By the dehydration, hot water should have been 

generated and injected into the upper fault gouge 

along the fault surface.

Fukuchi and Imai (1998, 1999) proposed that 

hot fluids may have passed through the fault plane 

in the Kobe Earthquake, on the basis of the results 

from ESR, ICP and XRD analyses of the Nojima 

Fault 500m drilling core samples. The origin of 

the hot fluids may be attributable to the dehydration 

of the fault gouge at deeper positions.

CONCLUSIONS

The fault gouge zone in the Nojima Fault GSJ 

750m drilling core samples was analyzed by ESR, 

ICP-AES/MS and XRD. ESR signals in the fault 

gouge had hardly been affected by the faulting in the 

1995 Kobe Earthquake. In addition, strong Mn2* ion 

signals were detected from the fault gouge just on 

the fault surface, and suggest that reduction once 

occurred along the fault surface.

From the fault gouge just on the fault surface, 

high concentrations of CaO and rare earth elements 

in the yttrium group were detected. Since no 

prominent change of Ca-rich minerals were 

detected from the fault surface, the high CaO may 

be attributed to Ca-rich discharged groundwater, 

which occurred along the Nojima Fault just after
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Figure 4 U-Pb (A), Th-Pb (B) and Pb-Pb (C,D) isochrons obtained from the fault rocks (fault gouge and host rocks) in the 
GSJ 750m drilling core samples.

the 1995 Kobe Earthquake. Furthermore, the 

relationships between Pb isotopic ratios in the fault 

gouge remain linear and do not support the 

existence of Rn anomaly along the fault surface. 

Whereas, the relationship between U/Pb and Pb/Pb 

ratios or Th/Pb and Pb/Pb ratios is random and the 

U- and Th-series in the fault gouge zone have been 

in radioactive disequilibrium states. The radiactive 

disequilibria are probably caused by the migration 

of ̂ U and ^^Th, and/or the whole Pb isotopes.

The XRD data indicates that the peaks of 

smectites and laumontite are hardly detected from 

the foliated gouge in the upper fault block. These 

minerals with H2O molecules may have been

decomposed and dehydrated by frictional heat in 

previous faulting.
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Abstract

The changes of ESR signals of quartz by contact 
with H2 gas were studied. Grains taken from four 
core samples of the fracture zone of the Nojima fault 
at the depth of 625m were exposed to H2 gas and 
changes of their ESR signals (Ei' and peroxy 
centers ) were observed. One out of four samples 
without etching treatment showed small decrease of 
the EI' center while other three samples didn't give 
any change. Quartz grains selected by etching with 
6N HC1 and 10% HF were also exposed to H2 gas 
and all of samples showed large decrease of the 
EI'center. The decrease was suggested as 
substitution of an unpaired electron at the EI' center
by H. Large decrease for etched sample, in 
contrast to small or no decrease for nonetched 
sample, might be explained by exposure of 
dislocations and defects by the cleavage during 
etching. The decrease of the E\' center might be 
used as indicator of H2 generation.

Introduction

ESR signals found in quartz have been studied and 
applied for dating using their sensitivity of radiation 
(Ikeya 1988, Fukuchi 1991, Buhay et al 1988, Imai 
and Shimokawa 1988) or survey of heating history 
(Tani et al. 1997, Fukuchi 1998, Yamanaka et al. 
1998). Some of the ESR centers are also sensitive 
of environmental gas. ESR can be used to 
investigate molecules adsorbed on materials, or 
structure induced by chemical reaction with 
environmental gas. Fubini (1989) found that the 
ESR signals in artificially crushed quartz are 
subjective to the environmental gas at crushing and 
referred to gaseous environment at production of 
industrial dust.

The amount of degassing has been monitored at fault 
area and anomalous generation of H2 gas especially

related to major earthquakes are reported (Ito 1999, 
Sato 1984). Wakita (1989) found the production 
of H2 gas around the Nojima fault and suggested that 
H2 gas was produced by reaction of H2O and the 
fresh surface of quartz formed by crushing, which 
was certified experimentally by Kita (1982). Thus 
concentration of H2 is monitored trying to utilize it 
as indicator of activity of faults.

In this paper the effect of H2 was studied by ESR for 
core sample taken by drilling at the Nojima fault (Ito 
et al. 1996), aiming to detect trace of H2 once 
present inside fault.

Experimental

Four core samples were measured as summarized 
in Table 1. Samples were mildly crushed and 
sieved to select grains of the size less than. 100 Jim. 
Part of the grains were etched by using 6N HC1 for 
Ihour and then by 10% HF for about 30 min. 
Samples were checked by using microscope after 
etching and drying. Samples were then put in a 
small polystyrene case which is filled with H2 and 
kept for two hours. ESR measurements were 
carried out and the spectra before and after contact 
with H2 gas were compared. ESR measurements 
were performed at room temperature using 
modulation field of 0.05 mT, microwave power of 
0.0ImW and microwave frequency about 9.4 GHz 
using X-band ESR spectrometer (GEOL RE-IX).

Result

Figure 1 shows the ESR spectrum of sample A'. 
EI' peroxy centers were observed. Samples 
without etching treatment showed ESR signal of 
Mn2* and Fe3* together with EI' and peroxy centers. 
The contact of H2 with samples without etching gave

fable 1. Sam
sample
A, A'*
B.B'

C,C
D.D'

Dies used tor experiments.
core number
98-25
99-6
99-10
99-22

depth(m)
623.3
624
624
625.5

description
Fault breccia
light grayish green fault gouge
weakly altered and deformed granodiorite
weakly altered and deformed granodiorite

*X* indicates that samples were etched by 12N HC1 for Ih and 10% HF for 30 min.
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E i center

peroxy center

334 335 336 337 338 
magnetic Held (mT)

Figure 1. ESR signal measured for sample A*. Peroxy EI' 
centers were observed. Measurement were done at microwave 
power 10*z- mW and modulation field 0.05ml.

no signal change for B, C, D and small change for A 
as shown in Fig.2 (a) and (c). Contact of H2 with 
etched samples, however, resulted in clear decrease 
of the EI ' center for all samples as Fig.2 (b) and (d).

Discussion

The EI' center is an oxygen vacancy trapping a 
hole. Oxygen vacancy is created by mechanical 
deformation or a-recoil breaking Si-O bond as

Si-O-Si-»O+Si[«»] Si, (D

where [ ] and   indicate an oxygen vacancy and
an electron respectively. Irradiation ionizes 
oxygen vacancy to create the EI ' center.

(2)

An oxygen vacancy with paired electrons is not 
detected by ESR while the EI' center is detectable.

We propose a model of decay of the EI ' center by 
H2 gas as follows. When quartz is exposed to H2 
gas, atomic hydrogen comes to the EI' center and 
substitutes with an unpaired electron as

i H-Si. (3)

Quartz grains of the fracture zone often get fine 
grained during etching with HF. This phenomenon 
is not observed in the case of samples of bed rock. 
This implies that dislocation or point defects would 
reside in quartz grains in the fracture zone. If EI ' 
and oxygen vacancies are abundant along 
dislocations and cleavage occurs along dislocations, 
quartz grains after etching will have a large amount 
of the EI ' center or oxygen vacancies on its surface, 
and the EI' center would be more subjective to H2. 
This may be why decay of the EI' center is dominant 
in etched sample, and not in nonetched sample.

The decrease of the E,' center by contact with H2 
would imply that sample have not been exposed to 
H2 gas if the E,' center decreased by H2 do not 
recover. No signal change in sample B, C and D 
indicates that these samples were already exposed to 
H2 gas and small decrease of the EI' center in 
sample A suggests that the sample was less exposed 
to H2 gas.
The source of H2 gas is still questioned. It might 

have been produced by the contact of H2O with 
crushed quartz surface created by crushing, as Kita 
(1982) suggested. It might have been produced 
somewhere at more depth than the fracture zone and 
come up to the fracture zone. The latter model

(a)
200-

.£ -200

-400
  before contact with H2 

- -after contact witty H 2<

(b)
336.2 336.4 336.6 336.8 337

magnetic field (mT)
200-

§-200

gJ-400   before contact with H2
- - after contact with H 2 i . i . i '.

(C) 200

100

- 0

-100

-200

-3(

335.8 336 336.2 336.4 336.6
magnetic field (mT)

 before contact with H2 ' 
:  - after contact with H^.

J6.2 336.4 336.6 336.8 337
magnetic field (mT)

337.2

before contact with H 
 -aftar contact,with H2 ,

J6.6 336.8 337 337.2 337.4 337.6
magnetic field (mT)

Figure 2. Change of ESR signal of the EI ' center by the contact 
with H2. (a), (b), (c) and (d) shows results for sample A, A'. B 
and B' respectively.

  220  



might seem to be more reasonable because sample A, 
which was located upper side of B, C and D were 
less affected by H2 than other three samples. 
Anyhow, further study is necessary for detailed 
discussion. The stability of decreased of the Et ' 
center and kinetics of decreasing the Ej' center 
should be studied.

Conclusion

The change of ESR signals in quartz by the contact 
with H2 were studied using four core samples taken 
by drilling of the Nojima fault. Samples at the 
fracture zone (98-25, 99-6, 99-10 and 99-22) were 
studied. One sample (98-25) showed decrease of 
the E|' center by exposure to H2 gas while other 
three samples didn't show any change if samples 
were not etched. Samples after etching by 6N HC1 
and 10% HF were also exposed to H2 gas and all 
samples showed clear decrease of the E|' center. 
The decrease of the Et ' center was tentatively 
suggested as substitution of an unpaired electron at 
the EI' center by H2 gas and implies that sample was 
less exposed to H2 gas.
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Abstract

Quartz grains extracted from the GSJ Nojima core 
sample were measured by electron spin resonance 
(ESR) to survey thermal disturbance on the whole 
drilling core. Signal intensity of Ti center 
decreased in the region of fault zone around 625 m 
while E' and Al centers increased. This is 
consistent with the result that Ti center is less 
stable than Al and E' centers in Mannari granite, 
Okayama Japan. The intensity of Al center in 
samples near fault zone may be related to 
aluminum contents in quartz grains because of no 
growth by y-ray irradiation. This might indicate 
that aluminum atoms could be trapped into 
deformed quartz grains where many cracks were 
formed during fault activity. The intensity of E' 
center increased after heating samples at 250 °C for 
30 minutes, which implies that the sample may not 
be affected recently by heat around 200 °C or 
higher. In addition, Ti and Al centers show 
thermal disturbance around 250 m, which is 
concordant with the results of fission-track 
analysis.

Introduction
Radiation-induced defects are produced in 
minerals by natural radiation and accumulated for 
a few hundred thousand years if they are stable 
enough. Those defects can be measured by 
thermoluminescence (TL), optically stimulated 
luminescence (OSL) or electron spin resonance 
(ESR). An ESR measurement has an advantage to

detect signals repeatedly since trapped electrons 
and holes do not recombine by measurements. 
This technique can be applied to quartz, carbonates 
like coral and stalactite, phosphates like fossil 
bones and teeth and so on (Ikeya 1993).

The ESR study of fault material was started by 
Ikeya et. al in 1982 for dating the latest fault 
activity. After that, several groups have 
investigated fault material by ESR (e.g. Buhay et. 
al 1988, Fukuchi 1991, Lee and Schwarcz 1993). 
Recent drilling core projects in the Nojima fault 
gave an opportunity to get the fault sample at great 
depth. The possibility to anneal ESR signals by 
faulting in drilling core samples were reported by 
Yamanaka et. al (1998) and Fukuchi (1998).

We developed the way to assess storage 
temperature, cooling rate and denudation rate from 
ESR signal intensity using quartz grains in core 
samples of intrusive Eldzhurtinskiy granite, 
Caucasus (Griin et. al. 1999). For example, the 
ratio of E' center before (/,) and after heating (72) 
shows the beautiful correlation of the signal 
intensity with storage temperature (Fig. 1) (see 
also Chen et. al. 1997). On the other hand, 
impurity centers (Al and Ti centers) decreased 
monotonically (Fig. 2) and the cooling rate and 
denudation rate can be assessed by computer 
simulation of the signal growth.

In this paper, we study changes of ESR signal 
intensities in depth and the effect of thermal 
activity to ESR signals in the Nojima core 
samples.

Figure 1. The signal intensity ratio of E' center 
before and after heating quartz samples in 
Caucasus (Griin et. al. 1999).

Figure 2. ESR signal intensities of Al and Ti 
centers in quartz of intrusive granite (Griin et. al 
1999).
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Table 1. Samples and their descriptions. The marker '*' indicates contamination of resin in samples. 

Core & Sample No. Depth [m] Description Etc.
#1

#11
#21
#32
#42
#53
#65

#75-7A
#84-1 1
#97-14
#99-06
#99-22

#100-08
#103-17
#105-24
#106-13
#111-15
#121-16

156
203
251
303
347
402
459
507
550
617
625
625
630
656
669
676
696
743

Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Weakly altered and deformed granodiorite
Weakly altered and deformed granodiorite
Fault breccia
Light grayish green fault gouge
Weakly altered and deformed granodiorite
Weakly altered and deformed granodiorite
Weakly altered and deformed granodiorite
Weakly altered and deformed granodiorite
Granodiorite
Weakly altered and deformed granodiorite
Weakly altered and deformed granodiorite

*
*

*
*

Sample and Experimental

All samples used in this study are summarized in 
Table 1. Most samples are granodiorite or weakly 
altered and deformed granodiorite (Ito et. al. 
1996). The samples near 625 m are mostly 
deformed and do not remain the original structure 
of granodiorite at all.

A piece of about 1 cm in thickness was taken out 
by saw in the middle of each full or half-cut core. 
The surface of the piece was cut off about 3-5 mm 
to remove resin keeping the figure of the core 
structure. The obtained piece was gently crushed 
into small grains in an alumina mortar and sieved 
into four aliquots based on grain size of 0-100, 
100-250, 250-500 and more than 500 urn. We 
used only the aliquot of 100-250 \un because small 
grains were easily dissolved in HF acid and large 
grains gave a huge angular dependence on ESR

signals.

Those samples were washed with 35 % HC1 to 
dissolve carbonate and some other minerals and 
put in 10 % HF solution for 30-90 minutes to 
remove other minerals like feldspar and mica. 
This solution can also remove surface of quartz 
grains that were damaged by external a-rays.

Samples were measured by JEOL RE-2X ESR 
spectrometer with a 100 kHz field modulation of 
0.1 mT for oxygen hole center (OHC), Al and Ti 
centers and of 0.05 mT for E' center. Al and Ti 
centers were detected at 77 K with a finger dewcr 
while E' and OHC were detected at room 
temperature. Magnesium oxide with Mn2* 
impurity was also measured simultaneously for 
calibration of signal intensities. Microwave power 
was 5 mW for Al and Ti centers, 1 mW for OHC 
and 0.001 mW for E' center. After measurements, 
all were heated in an oven at 250 °C for 30

I-*-
t *.

Figure 3. Ti center in the GSJ core sample. The 
intensity decreased around the fault zone as well as 
200-300 m.

Figure 4. Al center in the GSJ core sample. The 
intensity decreased around 250 m but increased 
around the fault zone.
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Figure 5. E' center before and after heating in the Figure 6. The ratio of signal intensities of the E' 
GSJ core sample. center before (/,) and after heating (72).

minutes. A MCo source of the y-rays was used for 
irradiation.

Results and Discussions

77 Center
The results of Ti center in Fig. 3 are close to the 
results on the study of the intrusive granite. Signal 
intensity decreased around the deformed 
granodiorite zone below 500 m. This may be due 
to the thermal effects. The samples around 200- 
300 m also show small intensities. This is 
concordant with the results of fission-track study 
on the GSJ core sample (Murakami et. aL 1999).

Al Center
The intensities of Al center were plotted in Fig. 4. 
The results indicate that the signal intensities did 
not decrease but increased in the fault zone around 
625 m. Toyoda and Dceya (1991) reported that Al 
center was much stable than Ti center using quartz 
samples from Mannari granite, Japan. Assuming 
the same thermal stability, thermal disturbance was 
not enough to affect to Al center in these samples. 
As Al center in the samples near 625 m did not 
increase by artificial y-ray irradiation, those signals 
have been already saturated and the intensity may 
be related to aluminum content.

Quartz in fault zone is crushed by fault activity and 
many cracks should be involved into quartz grains. 
Water containing aluminum ions dissolved from 
feldspar or clay minerals will surround quartz 
grains. Those aluminum ions may be attached on 
fresh surface or go into cracks in quartz grains. 
Silica in water will precipitate at the surface of the 
grains and rearrangement of SiO2 network may 
include such aluminum atoms inside. This model 
might be the reason why the intensity of Al center 
increased in the region of fault zone.

The intensity decreased around 250 °C, which is 
concordant with the results of Ti center and may

be an evidence of the thermal effect.

E' Center
The results of the E' center are shown in Fig. 5. 
The intensities of the natural signals were almost 
the same except for a few samples in fault zone 
around 625 m. This no change of natural signal 
intensities is the same result as the Caucasus 
sample. The data of E' center in several samples 
after heating were also plotted in Fig. 5.

Figure 6 shows the ratio of E' center signal 
intensity before and after heating. (/, is before and 
72 is after). The all obtained ratio were around 0.2. 
The study in Fig. 1 has been tested above 40 °C. 
Chen et. al (1997) also investigated the relation 
between the ratio 7/72 and storage temperature up 
to 20 °C but it is not clear at this stage. The 
difference of the E' center intensity may depend 
on the number of precursors, oxygen vacancies 
due to the similar ratio 7//2 for all samples. Further 
study of thermal stability and change of E' center 
is necessary to discuss more details.

Summary

Thermal effects near fault zone have not been 
observed clearly by ESR in this sample because of 
the intensive signal of Al center and increase of E' 
center after heating. The large signal of Al center 
might be due to aluminum contents in quartz. The 
intensities of Al and Ti centers around 250 m were 
smaller than the others and may indicate thermal 
disturbance. The intensity of E' center is almost 
the same except for the samples near fault zone but 
the ratio of the intensity before and after heating is 
the same for whole samples.
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ABSTRACT

The ultrasonic P-wave velocities have been measured, 
in different directions, in 20 cores collected from the 
GSJ Hirabayashi hole, Japan. The cores offer a large 
range of fracturation and alteration. We have 
investigated the effect of the alteration and the 
fracturing intensity on the velocity and anisotropy of 
P-waves. The measurements were successively 
performed on dry samples and fully water-saturated 
samples. P-wave velocities strongly decrease when 
porosity increases. The reduction attains 50 % for 3 
% of porosity. Anisotropy of Vp increases with 
porosity, indicating that the porosity of the samples 
is principally a thin cracks porosity type. A good 
agreement between sonic log and laboratory data is 
observed.

INTRODUCTION

Cores and downhole measurements were collected in 
1996 from the GSJ Hirabayashi hole, south-west 
Japan, about one year after the devastating Nanbu 
Earthquake (Fujimoto et al. 1999; Ito et al. 1998). 
The hole penetrated the most recent rupture of the 
Nojima fault zone near 625 m of depth and the core 
recovery was higher than 90 %. In the core, the host 
rock was found intensely fractured and altered over 
more than 300 m (about 30 m of true thickness due to 
the relative orientation of the drillhole with respect to 
this near-vertical fault). The penetrated lithology is 
mostly constituted with granodiorites, with rare 
intrusions of porphyry. The granodiorites are altered 
and deformed to varying degrees. This tendency 
appears to reflect a macroscopic increase in the rate of 
fracturing and alteration of the granodiorites towards 
the most recent rupture of the fault. The Hirabayashi 
hole offers a unique opportunity to study the 
relationship between deformation, alteration and 
physical properties of the penetrated rocks. In 
particular, because the penetrated lithology is 
relatively constant, it offers the possibility of quantify 
the effect of alteration and degree of fracturation on P- 
and S-wave velocities and attenuation. 
The elastic properties of cracked rocks depends much 
more on the density, aspect ratio, and spatial 
distribution of cracks, and on whether they are dry or

saturated, than on the elastic moduli of the 
constituent minerals (Kuster and ToksSz, 1974). 
Information on these parameters is contained in the 
anisotropy of P- and S-wave velocities and the 
birefringence of S waves (Crampin, 1987). Ideally, 
knowing VP and Vs in several directions, we would 
like to infer the geometry of the cracks population and 
the state of saturation (Zamora and Poirier, 1990). 
Unfortunately, if some theoretical models connecting 
elastic or anelastics properties to the state of fracturing 
of the rock exist (Hudson, 1981, 1988; O'Connell 
and Budiansky, 1977) the experimental works 
allowing the test of these models are scarce (Nur and 
Simmons, 1969; Rai, and Hanson, 1988; Zamora and 
Poirier, 1990).
The objective of this experimental study is to 
quantify the effect of alteration and fracturing intensity 
on velocity and attenuation of compressional and 
shear waves. With this aim, ultrasonic P and S wave 
velocity and attenuation are measured in different 
directions, in order to study the anisotropy of these 
parameters, of a selected samples coming from 
different depth of the Hirabayashi hole. These samples 
cover a wide range of degree of alteration and 
fracturing intensity. We report here preliminary 
results concerning compressional wave velocities and 
anisotropy of 20 cores coming from 205 to 500 m 
depth of the Hirabayashi hole. The data concerning 
the S-wave velocities and P- and S-wave attenuation 
are in processing.

EXPERIMENTAL PROCEDURE

DESCRIPTION OF THE CORES

For this study, 20 cores from the Hirabayashi hole 
were selected. The cores were sampled uniformly 
between 205 m and 490 m depth. The sampling was 
constituted from granodiorites (16 samples) and 
porphyry dikes (4 samples). They offer a large range 
of fracturation and alteration, since unaltered and 
weakly deformed samples until considerably altered 
and extremely macrofractured samples. 
The mineralogical composition and state of alteration 
of the samples have been studied by Ohtani et al., 
1999.
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THE SAMPLES PREPARATION

Cylindrical samples, 57 mm in diameter and 50-70 
mm length, were sawn out of cores. The faces of the 
samples are ground to a good finish and kept parallel 
to within 0.004 radian. The axis of the cylinder 
corresponds to the vertical (Z), while the two 
horizontal directions (X and Y) were chosen 
independently for each sample.

CORE MEASUREMENTS

The connected porosity of the samples is measured 
with the triple weighing method. 
P and S wave velocities are measured with an 
ultrasonic pulse transmission technique. Two pairs of 
Panametrics transducers (500 kHz) are used. The 
signal is delivered by a Panametrics 5055PR pulse 
generator. The output signals are displayed and stored 
in a Tektronix 7603 oscilloscope with a digital 
programmable rack. The transit time of compressional 
(P) and shear waves (S) was measured at atmospheric 
pressure and room temperature. 
Different measurements were successively performed 
on each sample:
a) measurements of P- and S-wave velocities along 
the vertical direction. S-waves were measured with 18 
different polarizations in order to observe the possible 
shear-wave birefringence (dependence of shear-vave 
velocities with the polarization of the particle 
motion).
b) measurements of P-wave velocities along of 12 
different directions in the horizontal plane in order to 
quantify the P-wave anisotropy of the rock. 
All these measurements were successively performed 
on dry samples and fully water-saturated samples. 
The measurement errors associated with velocities are 
less than 2% for P waves and 4% for S waves.

EXPERIMENTAL RESULTS

Only the results concerning P-wave velocities and 
anisotropy will be discussed in this paper. Figure 1 
display three examples illustrating the different 
behaviors observed. As a general rule, P-wave 
velocities measured in the Z (vertical) direction are 
higher than those measured in the horizontal plane. 
Depending on the degree of alteration and fracturation 
two different behaviors have been observed:
a) unaltered and uncracked granodiorite and porphyry 
samples (samples 232 and 305) present high P-wave 
velocities, close to the quartz's velocity (quartz is the 
principal constituent of these rocks). The anisotropy 
is weak (< 5%) and the effect of the saturation is also 
unimportant.
b) altered or fractured granodiorite samples (sample 
249) display smalll VP velocities. The anisotropy 
may be important, attaining 40%, and the increasing 
of P-waves velocities with water-saturation may be 
also important and can reach 50%.
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Figure 1. P-wave velocities as a function of azimuth 
for three the samples from the GSJ Hirabayashi hole. 
The squares symbolize the vertical velocities and the 
circles the velocities obtained in the horizontal plane. 
The open and closed symbols represent respectively 
the dry and water-saturated velocities. Top: porphyry 
sample; middle: unaltered granodiorite sample; 
bottom: intensely altered and cracked granodiorite 
sample.
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Depth 
m

204.0
220.0
224.0
232.0
240.0
242.5
244.4
249.9
250.5
251.5
256.2
261.0
271.8
305.7
316.2
348.1
362.4
409.6
429.6
441.2
487.6

<D
%

1.0
1.2
1.2
0.3
0.4
0.7
1.9
2.3
2.2
2.0
0.5
0.7
0.6
0.2
0.5
0.4
0.7
0.4
2.6
2.7
2.7

VpDy 
km s*

5.32
4.95
5.28
5.73
5.51
5.40
 

4.10
 

4.35
5.36
5.35
5.40
6.04
5.60
5.61
5.18
5.74
4.35
3.48
4.69

VP Sat km s" 1

5.87
5.59
5.43
5.79
5.77
5.69
5.39
5.13
5.06
5.36
5.52
5.61
5.88
5.97
5.81
5.69
5.86
5.78
5.05
5.20
4.81

A Dry
%

5
14
7
6
9
8
 
41
 
22
9
11
6
5
3
10
9
6
9
16
10

A Sat
%

4
9
4
3
2
5
5
23
9
7
3
7
3
5
5
6
7
5
7
12
8

Table 1. Porosity (F), mean P-wave velocities, in dry 
(Vp Dry) and water-saturated conditions (VP Sat), P- 
waves anisotropy, in dry (A Dry) and water-saturated 
conditions (A Sat).

Table 1 shows porosity, mean P-wave velocity and 
anisotropy, in dry and water-saturated conditions. 
The anisotropy, A, is defined by:

A =
VpMax - VpMin 

VpMean

(1)

We observe that:
- the porosity of the samples ranges from 0.3 % to 2.7 
%.
- P-wave velocities cover a large scale of values, in 
contrast with the weak porosity of the samples, 
ranging from 6.04 km/s to 3.48 km/s in dry samples 
and from 5.97 km/s to 4.81 km/s in saturated 
samples.
Figure 2 presents the evolution of P-wave velocities 
with porosity. We see that VP decreases quickly when 
porosity increases. The diminution is more important 
in dry samples, where it can reach 50%. 
The comparison of our data with the predictions of 
the Kuster and Toks6z (1974) model shows that 
mean aspect ratio of the pores ranging from 10"2 to 
10" 1 are compatible with our results. 
For granodiorite samples, water saturation implies 

always higher P-wave velocities, while for porphyry 
samples, water saturation implies slightly higher or 
slightly lower VP. The augmentation of VP with

saturation increases with porosity (figure 3), it is 
larger than to 20% in the most porous samples. The 
variation of the effect of the saturation with the 
porosity is more important in the granodiorite 
samples than the porphyry samples.

o.oi 0.02 0.03 0.04

Porosity

Figure 2. P-wave velocities as a function of porosity 
for the measured samples. The squares and the circles 
correspond, respectively, to porphyry and granodiorite 
samples. The open and closed symbols represent 
respectively the dry and water-saturated velocities. 
The lines are the predictions of the Kuster and 
Toks6z (1974) model for different values of the aspect 
ratio, a, of the pores. Continuous lines correspond to 
the saturated case and dotted lines to de dry case.
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Figure 3. Effect of water saturation (defined by: 
(VpsMunied-Vpo^yVpixy) as a function of porosity. The 
squares and the circles correspond, respectively, to 
porphyry and granodiorite samples.
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The anisotropy is important in dry samples, where it 
reaches 41%. Water saturation decreases the 
anisotropy, which is, in this case, generally smaller 
than 10 %. As the effect of saturation, the anisotropy 
increases with porosity (figure 4).

50

40

30

20

I 10

: Anisotropy

S.'S

0 0.01 0.02 0.03 0.04

Porosity

Figure 4. Anisotropy as a function of porosity. The 
open and closed symbols represent respectively the 
dry and water-saturated cases.

COMPARISON WITH FIELD DATA

In the GSJ Hirabayashi hole, P-wave velocities were 
determined by sonic log. The values obtained are 
reported in Figure 5 together with those obtained in 
laboratory. In granodiorite samples the sonic log 
velocities, at given depth, are generally located 
between dry and saturated values of VP obtained in the 
laboratory, on samples collected at the same depth. In 
porphyry samples the sonic log velocities are 
equivalent, or slightly inferior, to the laboratory 
values.
On the whole, the agreement between sonic log and 
laboratory data is very good, especially if we take into 
account the fact that the frequencies utilized in situ 
and in laboratory are different. Laboratory 
measurements were made at 500 kHz, as compared to 
= 10 kHz for sonic log. Assuming a compressional 
velocity of 5 km/s, the corresponding wavelengths are 
5 10"3 and 0.5 m respectively. Thus field experiments 
sample much larger volumes of rock than laboratory 
ultrasonic experiments. The correspondence between 
these two scales is not well understood, but it is often 
assumed that the microcracks and fractures have 
approximately same effect on the propagation of 
ultrasonic and sonic waves in dry rocks (Spencer and 
Nur, 1976; Murphy, 1984; Han and Nur, 1987). This 
assumption is also supported by the fact that welocity 
dispersion is usually small (of the order of a few 
percent) in dry rocks (Winkler, 1983). In water- 
saturated rocks, dispersion effects are stronger and 
acoustic velocities are increasing functions of 
frequency (Winkler, 1985).
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Figure 5. P-wave velocity as a function of depth 
obtained in laboratory and in-situ by sonic log. The 
open and closed symbols represent respectively the 
dry and water-saturated laboratory measurements and 
the continuous line the sonic log values.

DISCUSSION AND PERSPECTIVES

In the studied samples, P-wave velocities strongly 
reduce when porosity increases. This reduction is 
very spectacular, especially if we take into account the 
small porosity of our samples (< 3%). For instance, 
in sedimentary rocks, a reduction of 50 %, as those 
obtained in granodiorite samples for an augmentation 
of porosity of 3 %, is observed for an increase of 
about 20 % of porosity. According to the theoretical 
model of Kuster and ToksSz (1974) this strong 
reduction of VP with porosity may be only explained 
if we assume that the porosity is of the fissural type. 
The comparison of our data with the predictions of 
this model shows that mean aspect ratio of the pores 
ranging from 10"2 to 10"' are compatible with our 
results. This is confirmed by the strong effect of the 
water saturation on VP. Actually, for very thin pores 
and cracks, VP velocities are higher in water saturated
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samples. Even porosity of less than 1% of thin pores 
may increase the velocities in saturated rocks by more 
than 10%, the increase being much more pronounced 
for very thin cracks.
Anisotropy of P-waves velocities strongly increase 
with porosity. That is also the consequence of the 
augmentation of the percentage of thin cracks, if the 
cracks are not randomly distributed, when porosity 
increases. Figure 6 shows that VP, anisotropy and 
effect of water saturation are well correlated.

fc<u
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g o

60
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-10

  Effect of saturation 
D Anisotropy

3000 3500 4000 4500 5000 5500 6000 6500

Vp (m/s) dry

Figure 6. Anisotropy and effect of saturation as a 
function of P-wave velocities. The open and closed 
symbols represent respectively anisotropy and effect of 
saturation.

These preliminary results show that, in rocks that are 
not very porous, like granitic rocks, the effect of the 
deformation or fracturation on P-wave velocities is 
very important and that P-wave velocity and 
anisotropy are a good indicators of the degree of 
fracturation of the rock.
We have limited our study here to the P-wave 
velocity. Including S-wave velocity and attenuation 
would allow to better understood the relations of 
these parameter with fracturing intensity and 
alteration.
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ABSTRACT

The BoreHole Telewiever acoustic scans in the 
Hirabayashi hole reveal a few deformed cross 
sections in an otherwise very much in gauge 
borehole. A recent interpretation suggests that slip 
on pre-existing fractures is one of the many possible 
causes that can lead to enlarged boreholes which is 
often overlooked. Given the dynamic context of the 
Nojima fault, we investigate such possibility by 
looking for offsets on irregular borehole cross 
sections that remain circular by piece. Only 37 
locations satisfy these criteria, among which 24 are 
in the 1995 earthquake rupture zone (623-635 m 
depth). Each of these events is associated with a 
fault plane that intersects the borehole. The fault 
plane is identified on the BHTV image when 
possible, or on the FMI images when the acoustic 
reflectivity is low, as near the rupture zone. The 
fault slip vector can be inferred from the offset of the 
circular pieces of the borehole wall. In this 
preliminary analysis, interpretation of some of these 
borehole wall deformations can m-however be 
ambiguous. In a few cases, slip on a pre-existing 
fault plane may be confused with incipient breakouts 
or spoiling around a pre-existing discontinuity. 
Further analysis of the detailed three-dimensional 
geometry of these deformations may help resolve 
such uncertainties.

INTRODUCTION

The Geological Survey of Japan (GSJ) 
Hirabayashi borehole is drilled mainly within 
granodiorite and intersects the 1995 rupture zone of 
the Nojima fault at 623-625 m depth (Ito et al., 
1996). The hole was drilled with a 11.43 cm (4.5 
inches) drill bit, then logged with a suite of tools 
including a BoreHole Televiewer (BHTV), then 
enlarged with a 15.88 cm (6.25 inches) drill bit and 
logged with the Formation Micro Imager (FMI) and 
Digital Sonic Imager (DSI).

Both BHTV and FMI logs provide detailed 
images of the borehole wall and precise diameter 
measurements (Fig. 1 and 2). The work presented 
here proposes to interpretc some of the diameter 
anomalies shown in these measurements.

Relative Hole Size
from BHTV 

Travel Time Average

100

100
Electrical
Resistivity
N16 (fi.m)

Figure 1. Left: relative hole size derived by 
averaging BHTV travel time for each scan. Note that 
these averages contain values that correspond to an 
absence of arrival detection, and therefore include 
some noise. Right: electrical resistivity from the 
N16 measurement Note the correlation between 
hole enlargements and low resistivity.
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Figure 2. Left: hole diameter measured by FMI 
caliperCl and C2. Right: electrical resistivity from 
the N16 and N64 measurements. Note the 
correlation between hole enlargements and low 
resistivity.

Figure 3. Perspective plot of BHTV travel time data 
around 526 m depth. Empty spots correspond to 
areas where no arrivals were detected by the tool 
resulting in a default high value of travel time. Note 
the numerous missing arrivals along a main SW 
dipping fractures as well as within the hanging wall.
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BOREHOLE SHAPE

These caliper measurements show that most of 
the borehole is in gauge and that the enlargements 
correlate with low electrical resistivities (Fig. 1 and 
2), suggesting the presence of fractures and alteration 
(Pezard et al., this volume). This is usually 
confirmed by BHTV or FMI images, as shown fir 
the enlargement at 526 m by the BHTV travel time 
data: a SW dipping fault is underlined by the 
absence of arrival detection (Fig. 3). This fault 
corresponds to low BHTV amplitude and is also 
visible on FMI images as a conductive feature. One 
can note an asymmetry between the hanging wall 
and the footwall, which is more reflective, and 
corresponds to higher borehole wall impedance.

INTERPRETATION OF ENLARGEMENTS

It has recently been realized that slip on a pre 
existing fault need to be considered among the 
numerous causes that can lead to borehole 
enlargements (Heliot et al., 1990; Maury and 
Sauzay, 1989; Maury and Etchecopar, 1992; Maury 
andZurdo, 1994; Etchecopar et al., 1997; Cornet et 
al. 1997; Maury et al., 1999). According to this 
interpretation, a small amount of slip shears the 
cylindrical borehole resulting in a restriction 
(Fig. 4, left). If the slip occurs during drilling 
operations, the resulting restriction is reamed, often 
along the low side of the hole, and transformed in an 
elongation (Fig. 4, right).

The elongation resulting from a reamed sheared 
zone is not easily distinguishable from that resulting 
from other causes such as breakouts or spalling 
around fractures. To differentiate these causes 
requires the high-resolution diameter measurements 
provided by the BHTV. In the case of shear, the 
borehole cross section should be composed of arcs of 
circles with same diameter but different centers. The 
center effect is the component of slip perpendicular 
to the borehole axis.

Figure. 4. Borehole sheared by slip on a fault (after 
Etchecopar et al., 1997). Left: geometry after slip 
resulting in restriction. Right: geometry after 
reaming resulting in an elongation. The reaming is 
usually associated with the drill bit cutting its way 
out of the hole.

APPLICATION TO THE HIRABAYASHI 
BOREHOLE

To check for possible slip in the borehole, we 
analyzed BHTV travel time cross sections built by 
stacking up to three consecutive acoustic scans. In 
normal, "in gauge" intervals, these cross-sections are 
circular (Fig. 5). A complementary representation, 
called the telescopic view, plots consecutive 
acoustic scans while reducing their size so as to 
create a downhole perspective (Fig. 6). This 
representation was proposed by Heliot et al. (1990) 
to verify the vertical continuity of intersected 
features. Fig. 5 and 6 show a surprinsingly 
undeformed borehole located around 50 cm 
vertically above, i.e. around 5 cm in distance from, 
the 1995 main rupture plane.

270-

180
depth = 623.22

Figure. 5. BHTV travel time cross section. Three 
consecutive acoustic scans are stacked.

270

180
depth = 623.24

Figure 6. BHTV travel time telescopic cross 
section. Seven consecutive acoustic scans are 
presented.
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270

180
depth - 629.39

270

180
depth - 629.39

Figure. 7. BHTV travel time cross section, (a) Raw 
data, (b) Interpretation in terms of shear 
displacement. The circles centers offset represents 
the horizontal component of slip.

270

180
depth « 630.89

270

180
depth - 630.89

Figure. 9. BHTV travel time cross section, (a) Raw 
data, (b) Interpretation in terms of shear 
displacement. Note that an alternate interpretation in 
terms of incipient breakout is possible.

270

180
depth   629.39

270

depth - 630.83

Figure. 8. BHTV travel time telescopic cross 
section.

Figure. 10. BHTV travel time telescopic cross 
section.
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An example of anomalous cross section is found 
a few meters below, within the fault zone, at a depth 
of 629.39 (Fig. 7). The borehole is elongated in the 
NE direction in relation with a NE effect of the 
borehole wall (Fig. 7a). If a circle of diameter equal 
to that of the drill bit is superposed to the cross 
section, it fits only part of the data (Fig. 7b). A 
second offset circle is required to fit the data in the 
NE quadrant. The offset between the two circle 
centers represents the horizontal component of the 
inferred slip vector. The fault plane, which is 
identified either on the BHTV or on the FMI 
images, is striking NE and dipping SE so that the 
displacement is mainly strike-slip. The inferred fault 
plane and displacement are therefore consistent with 
that of the large-scale main fault zone (Ito et al., 
1996). The telescopic view shows that this offset is 
continuous vertically (Fig. 8). However this 
telescopic view also shows that the data are sparse 
because the low reflectivity of irregular wall makes 
the arrival time detection difficult

A more ambiguous situation arises 1.5 m below: 
the elongation becomes symmetrical and suggests 
either strike-slip on a similarly oriented plane or 
incipient breakout in the NE direction (Fig. 9 and 
10). This second interpretation would be consistent

Natural 
Gamma Ray (gap!)
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700 .
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10 100 1000

Electrical Resistivity
N16 (n.m)

Figure 11. Natural gamma ray, N16 resistivity 
measurement and location of possible borehole shear 
zones (triangle symbols).

with the stress directions inferred from breakout 
observations in the Ikuha borehole (Ito et al, 1997). 
The elongation is also subparallel to the main fault 
strike but the FMI images show that, if the 627-634 
depth interval displays numerous NE striking and 
SE dipping faults, none dips more than 60°, which 
makes them distinct from the 84° dip of the main 
fault

This analysis revealed 37 locations where 
elongations could be interpreted as possible shear 
zones (Fig. 11): 12 locations in the hanging wall of 
the main fault, 24 locations within the fault zone 
between 623 and 635 m (Fig. 12) and one location 
in the footwall. The corresponding fault plane 
orientations are varied but dominated by a trend with 
a NE strike, which is similar to that of the main 
fault, and a 50-70° dip, which is markedly lower 
than that of the main fault (Fig. 13 & 14).

The inferred slip directions show diverse type of 
movements (Fig. 13 & 15) that are not compatible 
with a single homogeneous stress system. The slip 
direction, however, is determined from a small offset 
vector (Fig. 7b) and is therefore sensitive to small 
errors. Direct numerical computations of the offset 
vectors from the data are expected to improve the 
precision.

Natural 
Gamma Ray (gapi)

610
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620 .

625 .

0)o
630 .
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640 .

645 .

10 100

Electrical Resistivity
N16(n.m)

Figure 12 The Nojima fault zone. The main fault 
zone is marked by the grey bar and the gouge by the 
black bar. Natural gamma ray, N16 resistivity 
measurement and location of possible borehole shear 
zones (triangle symbols).
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North
N = 37

East

Figure 13. Stereographic projection of the inferred 
fault planes and slip vectors. Equal area Schmidt 
projection of the lower hemisphere.

North
N = 37

East

Figure 14. Stereographic projection of the poles of 
the inferred fault planes. Equal area Schmidt 
projection of the lower hemisphere.

North
N = 37

East

^-JfeJLU^--^

Figure 15. Stereographic projection of the inferred 
slip vectors. Equal area Schmidt projection of the 
lower hemisphere.

CONCLUSIONS

The walls of the GSJ Hirabayashi borehole 
shows offsets associated with elongations that can be 
interpreted as the result of slip on pre-existing fault 
planes. However this interpretation is neither unique 
nor unambiguous at this point. A more quantitative 
analysis of the geometry of the wall, such as 
determination of radius of curvature and of vertical 
extent may help clear some of the present 
ambiguities.
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ABSTRACT

The Nojima earthquake fault in Awaji, Hyogo prefec 
ture, Japan, ruptured accompanied by the 1995 
Hyogo-ken Nanbu earthquake (AfJMA=7.2). The in-situ 
stresses have been measured on boring core samples 
by deformation rate analysis (DRA) for the sites close 
to the fault, Hirabayashi (HRB), Toshima (TSM), and 
Ikuha (IKH). HRB and TSM locate along the fault 
segment of large dislocation observed on the ground. 
IKH is near the southern end of the buried fault ex 
tended from the earthquake fault. The stresses have 
been obtained for 343 and 350m depth of HRB, 310, 
312, and 415m depth of TSM, and 5 depths from 351 
to 720m of IKH. The stresses show strike-slip regime 
for all the sites, although the compression is predomi 
nant at TSM. The maximum horizontal stress lies in 
NW-SE direction at HRB and TSM. The direction ro 
tates counterclockwise by about 120° at IKH with an 
increase in depth from 544m to 720m. The direction at 
720m in depth is identical to that of the other sites. 
These directions are almost perpendicular to the fault 
plane. Since DRA is based on the rock property of 
long-term memory of stress, this result implies that the 
friction coefficient of fault is small even before the 
earthquake. The NW-SE direction is close to the di 
rection of the largest contraction during about 100 
years for the Osaka bay area adjacent to the fault. De 
fining r-value as the maximum shear stress divided by 
the normal stress on the maximum shear plane, the 
value is large at TSM and small at HRB. The reason 
for the small r-value at HRB is inferred to be the small 
distance of the measuring points from the fault plane 
that is about 50m.

INTRODUCTION

The Byelree's law for frictional strength states that 
frictional sliding and/or slip occurs when shear stress 
on a fault plane exceeds the frictional strength, which

is determined by the normal stress and the coefficient 
of friction for the fault plane (Byerlee, 1978). The law 
was established by laboratory experiments performed 
on the faults simulated in rock specimens. When frac 
turing or sliding occurs on a simulated fault, shear 
stress drop takes place uniformly in the specimen and 
the strain energy in the specimen probably decreases. 
Therefore, it is reasonable to consider that the law 
holds on the condition that applied shear stress de 
creases by failure. The seismogenic field, for example 
the earth's crust, appears to be infinite in size, while 
the faulting or the shear fracture to generate an earth 
quake occurs in an area of finite size. If the shear 
fracture or the sliding occurs in the crust on the condi 
tion that the average stress in the crust is invariable 
with the fracture, the fracture may make the stress 
field more non-uniform and the strain energy in the 
crust increase. These circumstances appear to be dif 
ferent from that for laboratory experiments. It is thus 
one of the problems if the faulting in the crust can be 
represented in terms of the Byerlee's law. The solu 
tion may be obtained by field observations.

According to the Byerlee's law, the coefficient of 
friction is about 0.85 for small normal stress to the 
fault plane and about 0.60 for larger normal stress. 
The strength of intact rock specimens for stress of 
compression is approximately represented by the 
Coulomb criterion. The criterion is represented to be 
the sum of cohesion force and the frictional strength 
that is the product of the internal friction coefficient 
and the normal stress to the fault plane, provided that 
the plane is formed when the specimen fractures. Here, 
the frictional strength is called the internal frictional 
strength for discrimination from the frictional strength 
for simulated faults. The internal friction coefficient 
has the magnitude of 0.5 - 1.5 (e.g. Paterson, 1978). 
The internal frictional strength is thus almost compa 
rable in magnitude to the frictional strength. This 
means that the strength of intact rock specimens is 
larger only by the amount of cohesive strength. It is 
known further that the strength of intact rock de-
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creases with an increase in specimen size (e.g. Pratt ft 
al., 1972). Therefore, if the factional strength did not 
decrease with an increase in specimen size, the fric 
tional strength for faults would exceed the shear 
strength of intact rocks. For this reason, it should be 
considered that the frictional strength or the friction 
coefficient is variable as well as the strength of intact 
rock specimens (Yamamoto, 1999).

There may be three problems that should be in 
vestigated by stress measurement in field. One of 
them is to reveal the conditions for faulting in the 
crust or earthquake occurrence imposed on the stress 
field. Another is to clarify whether or not the value of 
the friction coefficient obtained for the simulated 
faults can be taken as that for faults in nature. The 
other is to clarify the role of faults on forming the 
stress field in the crust. Although there are not suffi 
cient number of data, Yamamoto et d. (1998) has 
briefly discussed on the first problem. The second is 
the basic problem, which has been discussed in com 
parison with the results of laboratory experiments. The 
last problem may be important for the discussions on 
the formation of 'stress provinces' and 'characteristic 
earthquakes', because small friction coefficient of 
fault can de-couple the stress fields of the blocks on 
both sides of a fault. This paper is rather focusing on 
the last two problems.

Hydraulic fracturing measurements of stresses in 
the Cajon Pass Research Bore-hole close to the San 
Andreas Fault has shown that the direction of the 
largest horizontal stress is almost perpendicular to the 
fault strike (e.g. Zoback and Healy 1992). This means 
that the frictional stress of the fault is very small 
compared with that estimated from the friction coeffi 
cient in laboratory experiment. Many researchers have 
tried to explain the smallness of the frictional strength 
by the reduction of effective normal stress due to pres 
surized fluid around the fault. Coyle and Zoback 
(1988) have found however that pore fluid pressure in 
the fractured rock mass drilled at Cajon Pass is very 
close to hydrostatic. This may imply that it is possible 
for friction coefficients to have magnitudes much 
smaller than 0.6. The number of the data is not suffi 
cient to conclude that the small friction coefficient is 
not unusual. It is thus the problem today to increase 
the number of data for in-situ stress near faults.

Yamamoto H. ft al. (1990) measured in-situ 
stresses by deformation rate analysis (DRA) in the vi 
cinity of the inferred fault of the 1984 Nagano-ken 
Seibu Earthquake, which is a shallow intraplate earth-

earthquake of A/JMA- 6.8. DRA has been proposed as a 
method to measure in-situ stresses on rock specimens 
in laboratories (Yamamoto ft al, 1990; Yamamoto, 
1995). This method is based on the rock property of 
in-situ stress memory briefly explained in the next 
section. From the measurement, the followings have 
been suggested: 1) The relative shear stress, that is the 
maximum shear stress divided by the normal stress on 
the maximum shear plane, can be taken as an index of 
potential for earthquake occurrence. 2) There are the 
areas in the vicinity of faults where shear stress 
concentrates and stress field around a fault is highly 
non-uniform. 3) The relative shear stress closely cor 
relates to the thermal state of the sites. However, the 
friction coefficients for the fault were not determined, 
because the cores were not oriented.

The Hyougo-ken Nanbu earthquake of A/JMA = 
7.2 occurred January 17, 1995. The Nojima fault and 
the Ogura fault in Awaji, Hyougo prefecture, were 
ruptured accompanied by the earthquake (Awata et al. 
1996). These two faults altogether are called the No 
jima earthquake fault, here. Immediately after the 
earthquake, Kyoto University (UNV), Geological 
Survey of Japan (GSJ), and National Research Insti 
tute for Earth Science and Disaster Prevention (NIED), 
respectively, conducted the drillings at Toshima, 
Ikuha, Hirabayashi, and some sites close to and near 
the fault. Yamamoto et al. (1998) and Sato et al. 
(1999) measured the stresses by DRA on the cores of 
two depths at Hirabayashi (GSJ), three depths at To 
shima (UNV) and five depths at Ikuha (GSJ). This 
paper will review their results. It has been known that 
the stresses can be determined by DRA even from the 
rock specimens recovered from a few years ago (e.g. 
Yamamoto et al. 1997). For the reason, the measured 
stresses in the present paper are expected to be the 
stresses before the earthquake.

METHOD OF STRESS MEASUREMENT

DEFORMATION RATE ANALYSIS 
The property of stress memory is found in inelastic 
strain behavior of rock specimens under uni-axial 
loading of compression. According to Kuwahara et al. 
(1990), the change in micro-fracturing activity pro 
duces the change in the increasing rate of inelastic 
strain. When the rate change reflects the stress that has 
been previously applied to the specimen, the change is 
generally called the memory of the previous stress or 
the stress memory. The rate change is detected by us-
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Figure 1. Schematic illustration for DRA. The up 
per figure shows the loading history for the 
detection of stress memory. The lowers illus 
trate the definition of strain difference function 
4£j,{0) and the bending point.

ing the strain difference function Ae^cf) obtained by 
cyclic loading of compression to a specimen. The 
function is defined by

j>i. (0

CORE

V«rt.

Here, e/o) is axial strain of a specimen at an applied 
stress <rfor they tt loading. The strain difference func 
tion mainly represents the difference in inelastic strain 
between the i * and they * loading. When contraction 
and compression are defined to be positive in sign, 
negative derivative of Ae^{cf) with respect to cr means 
that inelastic strain rate is larger in the / 
^ than in the y * loading. Strain differ- 
ence function is schematically illus 
trated in Fig. 1. Bending point means 
the point in the function at which the 
continuous decrease in its derivative 
starts. Bending stress is the axial stress 
at the bending point. Especially when 
the bending point is observed as the 
stress memory, the bending stress is 
called the memory stress.

The followings have been con 
firmed for the stress memory observed 
for the specimens from core samples: 
The magnitudes of the bending stress 
can be taken as the in-situ stress mag 
nitudes, where in-situ stress means the 
normal component of in-situ stress in 
the direction of loading axis. In-situ

stress memory is detected in the strain difference 
functions from the pair of loading cycles after the first 
cycle in most cases. On the basis of this result, 
uni-axial loading of four or five cycles is performed 
on each specimen for DRA. Yamamoto (1995) has 
shown that the property of in-situ stress memory is 
explained by assuming that stress field in rocks is the 
most uniform under the in-situ stresses. The property 
of in-situ stress memory should be discriminated from 
the Kaiser effect.

MEASUREMENT OF STRAIN 
Specimens used for the stress measurement are of 
rectangular prism in shape of about 15 x 15 x 38 (mm) 
in size. They are sawed in the vertical and the four 
horizontal directions at an interval of 45° from boring 
cores, as shown in Fig. 2. Uni-axial stress of compres 
sion is cyclically applied in the direction of the longer 
axis for DRA. The loading is performed at a constant 
stress rate between 3 and 5 MPa a minute using a 
servo-controlled apparatus. The peak applied-stress is 
usually taken to be 1.5 to 2.5 times of the target mem 
ory stress. Bending point is generally identified by eye 
as the point that shows the largest bend or the fold in a 
strain difference function. The bend can be not always 
uniquely fixed. The measurement is repeated on the 
same specimen or on the different ones of the same 
direction to fix the identification. If the bending points 
for horizontal specimens are correctly identified as the 
in-situ stress memory, the dependence of the bending 
stresses should be expressed by a sinusoidal function

0 dag.

45 dag.

»° d«fl-
135 dag.

V«rt.

90 deg.

Figure 2. Orientation of specimens in a core sample. Specimens 
are sawed out of a core sample in order that their longer axes 
respectively direct to the vertical and one of the four hori 
zontal directions at an interval of 45° in general.
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of azimuth as follows;

(2)

where Oo(0) is the bending stress or the normal com 
ponent of in-situ stress to the plane perpendicular to 
the loading direction, 6 is the azimuth and TCT, T^r, and 
Try are in-situ stress components when x and y axes are 
taken in a horizontal plane. The distribution of hori 
zontal stress for azimuth expressed by (2) is used as an 
additional condition to determine the bending point, 
especially when the bending stress cannot be deter 
mined only from the specimens of the same azimuth.

The maximum and the minimum horizontal 
stress are obtained by fitting the sinusoidal function 
Ob(0) expressed by (2) to the bending stresses ob 
served for the horizontal specimens. A parameter r is 
defined by assuming that one of the principal direc-

r = (a l - a 3 )l(a { + a 3 )
tions is in the vertical as follows; 
where <7 t and <J3 are the largest and the smallest prin 
cipal stress of compression. Usually, the frictional 
strength of a surface increases proportionally to an in 
crease in the normal component of stress on the sur 
face. Thus, r may be thought as an index of the poten 
tial for frictional sliding. The parameter r is here 
called relative shear stress. In the present paper, r is 
used to characterize the stress field in relation to seis 
mic activity and earthquake occurrence.

STRESSES NEAR THE FAULT

SITES AND SPECIMENS
The 1995 Hyogo-ken Nanbu earthquake (MJMA-1.2) 
exposed surface rupture more than 10 km long along 
the Nojima earthquake fault (Awata, et a/, 1996). The 
stress measurements were performed on cores recov 
ered from the holes at Hirabayashi, Toshima and 
Ikuha close to the fault system (see Fig. 5). Hirabaya 
shi (HRB) is located in the central part of the Nojima 
fault, where the largest surface displacement is ob 
served. Toshima (TSM) is located near the southern 
end of the surface rupture exposed along the fault. The 
surface rupture was not found around Ikuha (IKH). 
Ikuha is located about 1 km southeast from the Mizu- 
koshi flexure on the line extended from the Ogura 
fault. According to Satoh and Sugihara (1995), the 
buried fault has reached near the site. The site is in 
ferred to be a few kilometers northeast from the end of

Table 1 Rock types and Young's moduli of 
specimens (After Sato ft a/., 1999).

Site

HRB

TSM

IKH

Depth 
m

343
350
310
312
415
351
465
544
639
720

Rock type

granodiorite
granodiorite
granodiorite
granodiorite
granodiorite
granodiorite
porphyrite

granodiorite
granodiorite
porphyrite

E 
GPa

46.1±6.7
47.2±4.8
82.5±2.6
78.5±2.8
70.2±3.8
61.3±5.4
32.1±2.0
34.6±4.4
10.8±1.2
52.4±4.8

Young's modulus is determined from the axial 
stress at 10~* in axial strain.

the buried fault, referring to the fault estimated from 
the geodetic and seismological data (e.g. Yoshida et 
a/., 1996; Wald, 1996).

The sampling points, that is, the sites and the 
depths, are shown in Table 1 together with rock type 
and Young's modulus of specimen. The points are at a 
distance from the fault surface smaller than 50m for 
HRB and at a distance more than 200m for TSM. The 
distance is not clear for IKH. The value of £ in the ta 
ble demotes the Young's modulus averaged over the 
specimens of the depth. Each modulus is calculated 
from the axial stresses at 0 and about lOOxlO"6 in axial 
strain on loading. The Young's modulus at 639 m 
depth at IKH is very small. It is inferred that there is 
fracture zone around the depth (Personal communica 
tion, Ito and Kuwahara). This small Young's modulus 
seems to be in relation to the fracture zone.

VERTICAL STRESSES
Fig. 3 shows the strain difference functions measured 
on the two vertical specimens of 351 m depth of IKH 
(IKH351). The notation (i, j) stands for 4/.,<o). Sll 
and S21 mean the 1 st measurement on the specimens 
No. 1 and No. 2. The bending points we have chosen 
are marked with arrows. Although the behavior of the 
strain difference functions is different between the two 
specimens, the bending points are found at almost the 
same axial stress of about 9.0 MPa. This stress corre 
sponds to the overburden pressure calculated for about 
2.6xl03 kg/m3 in the density of overburden rocks.

The bending stresses at other sites have been de 
termined by the similar way. The vertical stresses thus 
determined at all the sites are shown in Fig. 4. The 
lines in the figure show the relation of overburden 
pressure to depth calculated for the assumed densities

242



IKH351V11 IKH351V21

0.15 -

0.10

0.15

0.07

10 20 0 10 
AXIAL STRESS. MP«

Figure 3. The records of strain difference func 
tions 4e/.,{0) for the vertical specimens 351m 
depth of IKH. The notation (/, j) stands for 
d£y.,<o). Sensitivity of strain is indicated near 
each curve in 10"6 a division (ppm/div).

of overburden rocks indicated in the figure. The linear 
relation best fitted to the data is obtained for 2.55 ± 
0.10 x lO'kg/m3 of the average density of overburden 
rocks. This value seems to be suitable for the rocks 
around the sites. This result suggests the deviations of 
the data are estimated to be about 5 %.

HORIZONTAL STRESSES
The bending stresses are determined by the same way 
for the determination of the vertical stresses. When the 
determination is difficult for a direction, the determi 
nation is performed on the condition that the horizon 
tal stresses are represented by a sinusoidal function, as 
described before. The bending stresses are thus deter 
mined. The largest and the smallest horizontal stress

25

&20 
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8 is 
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111 5

200 400 600 
DEPTH, m

800

Figure 4. Relationship between the bending 
stresses read for the vertical specimens and the 
sampling depth of the specimens. (Data after 
Yamamoto etal. (1998) and Sato etal (1999).

of compression are obtained by fitting the function of 
(2) to the relation of the bending stress to the azimuth. 
The largest and the smallest horizontal stress thus ob 
tained are listed in Table 2.

Stress Change in Depth Direction 
The directions Ujunu for the largest horizontal stress of 
compression are shown in Fig. 5 by arrows. The larg 
est and the smallest horizontal stresses (Oiumx and 
CThmin) at IKH are plotted for depths in Fig. 6. Sato et al. 
(1999) have pointed out that the direction OLax rotates 
counterclockwise by about 120° while the depth in 
creases from 544m to 720m at IKH. The direction 
QUOM is approximately along the fault strike for shal 
low depth and nearly perpendicular to the strike for 
larger depth. This direction of NW-SE at the larger 
depth is almost identical to that reported by Ito et al.

Table 2. The vertical stress Gv«t, the largest and the smallest horizontal stress, Ghmu and ahmin, to 
gether with the azimuth for the largest horizontal stress 8m<u, measured by Yamamoto et al. 
(1998) and by Sato et al. (1999). r means relative shear stress. See text for the definition of r.

Site

IKH

TSM

HRB

Depth 
ro

351
465
544
639
720
310
312
415
343
350

Own
MPa

9.0±0.2

13.1±1.0
14.9*0.9
17.8*0.6
7.8*0.2
 

10.1*0.0
9.0±0.3
9.7*0.3

0hm»x
MPa

13.9±0.5
14.3*0.5
15.1*0.6
16.9*0.6
20.5*0.9
17.1*0.4
16.7*0.6
18.6±0.5
11.6*0.5
11.0±0.5

Ohmin

MPa
7.1*0.5
6.8±0.5
6.7±0.6

11.7±0.6
14.0*0.9
5.34*0.4
6.8*0.6
6.3*0.5
7.8*0.5
7.2*0.5

r

0.32
0.36
0.39
0.18
0.19
0.54
0.42
0.49
0.20
0.21

ftnat

(N°E)
73.7±1.4
80.0±1.1
41.7±2.7

159.7±4.3
133.5.±3.2
(*±0.8)

113.3±1.3
139.4*0.8
153.5±3.4
146.5±5.1
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Figure 5. The location of the sites for the stress measurements 
plotted on the map by Awata et al. (1996). Arrows show 
the directions of the largest horizontal stresses (Yamamoto 
etai, 1998; Satorfa/., 1999).

(1997) and to that for the other sites. Sato et al. further 
have found that Ohnu and Ohnin are almost constant 
without regards to depth and <7hmn for the shallow 
depth are almost equal to am  at larger depths, as 
seen in Fig. 6. As stated before, it is inferred that there 
is fracture zone around the depth. The rotation of fl^ 
and the continuity of ow for small depth to Ohmu, for 
large depths may be explained by assuming the near 
vertical fracture zone between the upper and the lower 
block, of which the strike lies along the direction of 
the largest horizontal stress of the upper block and the 
friction coefficient is very small.

The stresses in Table 2 show that TSM is in the 
strike-slip regime, but compression is predominant. 
The r-values more than 0.4 are large comparably to 
those at some sites in the focal region of the 1984 Na- 
gano-ken Seibu earthquake (Yamamoto R, et al., 
1994). Tsukahara et al. (1998) performed hydraulic 
fracturing measurement at two depths near 1,500m. 
The stresses at the depths are of almost pure strike-slip. 
The r-values of about 0.16 at the depths are very small 
compared with those at small depths by DRA. They 
proposed the stress drop due to faulting as one of the 
explanations for this difference. Ikeda et al. (1998) 
carried out hydraulic fracturing measurement in a hole 
near HRB drilled by NIfiD (HRBNED). Their meas

urement revealed that the site is in the 
reverse fault regime, although the 
largest horizontal stresses for depths 
of about 300 m and 400m appear to be 
close to those at TSM. The r-values of 
about 0.3 for depths smaller than 850 
m appear moderate. On the other hand, 
the small r-values have been obtained 
at depths near 1,200m similarly to the 
large depths at HRBNED-

Sato et al. (1999) recently obtained 
the stresses by DRA for the depths 
about 350m at HRB. The stresses are 
characterized with the strike slip re 
gime and the relatively small r-values. 
These characteristics are different 
from those for shallow depth at 
HRBNED. The small r-value may be 
caused not by the stress drop due to 
faulting, because the small values by 
DRA are considered to be for the 
stresses before the earthquake. The 
characteristics seem to be rather simi 
lar to those of the stresses at larger 

depths of other sites. The HRB hole locates at a dis 
tant of about 100m, while HRBNED at a distance of 
about 300 m on ground surface. Referring to the tra 
jectories of the boreholes in relation to the fault for 
HRB, HRBNED, TSM, respectively, given by Ito

_ IKH

200

E 400

UJ 
Q 600

800

1000

\

a A\  

a \ .

  :p=2.5x103kg/ms

10
STRESS, MPa

20

Figure 6. The changes in the vertical, the larg 
est and the smallest horizontal stress with 
depth at IKH (Data after Sato et al, 1999).
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(1996), Ikeda et al. (1998), and Shimazaki ft al 
(1998), the characteristics appear to be of the points at 
a horizontal distance smaller than 100 m at largest 
from the fault surface (Sato et a/., 1999). Therefore, 
the small magnitude of shear stress may be one of the 
characteristics of the stress state in fault zone.

Stresses along The Fault
The directions fl^w are shown in Fig. 5. The depths of 
the measurement are denoted near the respective ar 
rows. Their directions approximately lie along the 
NW-SE except for shallow depths of IKH. The direc 
tions are almost perpendicular to the fault strike as has 
been observed at Cajon Pass near the San Andreas 
Fault. Since the fault surface is near vertical (Take- 
mura et al., 1997), the shear stress resolved on the 
fault surface may be very small. The friction coeffi 
cient is estimated to be not larger than 0.3 from the 
stresses for small depth at TSM by Yamamoto et al. 
(1998). The directions at HRB, which might be of the 
stresses in the fault zone, appear to resist the right lat 
eral motion of the fault. This may also imply the small 
frictional stress on the fault. The directions determined 
by hydraulic fracturing technique are reported to lie in 
the NW-SE direction, too (Tsukahara et al, 1998, 
Ikeda et al., 1998). Referring to the horizontal strain 
between 1885 and 1985 observed by Geographical 
Survey Institute, Japan (Geographical Survey Institute, 
1997), the direction ^mw is nearly equal to that of the 
largest contraction of the Osaka bay area adjacent to 
the sites. This implies that the NW-SE direction for 
fyuan has not been formed after the faulting. The stress 
may be governed by the tectonic situation even in the 
vicinity of the fault.

The direction 6Uw is approximately in the direc 
tion of the strike of the fault at small depths of IKH. 
The reason for this has not been clarified. One of the 
possible reasons is that the site is close to the end of 
the surface break. Unfortunately, there are no data to 
be compared with the results for shallow part at IKH.

The relative shear stress r is generally about 0.3 
for the areas of moderate seismic activity (Yamamoto 
et al, 1997). The value near 0.5 at TSM is very large 
compared with those of the areas, while the inferred 
friction coefficient is small. Yamamoto H. et al. 
(1990) obtained the values larger than 0.4 near the 
epicenter of 1984 Nagano-ken Seibu Earthquake 
(A/jMA=6-8). The r-value at TSM together with that for 
1984 Nagano-ken Seibu earthquake may imply that 
there are the areas in focal regions, where the r-value

is large independently of friction coefficient of fault. 

SUMMARY

The Nojima earthquake fault in Awaji, Hyogo 
prefecture, Japan, has ruptured accompanied by the 
1995 Hyogo-ken Nanbu earthquake (A/JMA=7.2). The 
in-situ stresses near the fault have been measured by 
deformation rate analysis (DRA). This method is 
based on the rock property of in-situ stress memory of 
long term. Therefore, the method is expected to yield 
the stresses before the earthquake.

The measurements have been performed for 343 
and 350m in depth at Hirabayashi (HRB), 310, 312, 
and 415m in depth at Toshima (TSM), and 5 depths 
from 351 to 720m at Ikuha (IKH) sites. HRB and 
TSM locate along the fault segment of large disloca 
tion observed on the ground. IKH is near the southern 
end of the buried fault extended from the earthquake 
fault. The stresses show strike-slip regime for all the 
sites. However, the compression is predominant at 
TSM. The maximum horizontal stress lies in the 
NW-SE direction at HRB and TSM. The direction at 
IKH rotates counter-clockwise by about 120° with an 
increase in depth from 544m to 720m. The direction at 
720m in depth is almost identical to that for the other 
sites. The NW-SE direction is almost perpendicular to 
the fault plane and is consistent with that obtained by 
hydraulic fracturing technique after the earthquake.

The estimated stresses are considered to be the 
stresses before the earthquake. The direction suggests 
thus that the friction coefficient of fault is small even 
before the earthquake. The direction of NW-SE is 
close to the largest contraction direction during about 
100 years obtained for the adjacent area by the geo 
desic survey. The results support the concept that the 
fault is a preexisting weak plane and further seem to 
suggest that the fault plane orients as if to make the 
frictional stress on the plane small.

Defining r-value as the maximum shear stress di 
vided by the normal stress on the maximum shear 
plane, the value is large at the depths smaller than 
about 500 m for the sites except for HRB. Taking ac 
count of the small r-values obtained for great depths 
of TSM and HRBNmD by hydraulic fracturing tech 
nique, it is inferred that the small r-value is not caused 
due to the depths of the measuring points but due to 
their small horizontal distance from the fault plane. 
The small r-values are obtained for the points at the 
distances of 100 m at largest from the fault plane,
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while the other points are at the distances more than 
about 200 m.
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ABSTRACT
We performed Anelastic Strain Recovery (ASR) 
measurements and Differential Strain Curve 
Analysis (DSCA) on freshly drilled cores to 
estimate in situ crustal stress. Geological 
Survey of Japan drilled a borehole at the 
intersection of the aftershock zone and the 
Arima-Takatsuki tectonic line. ASR and DSCA 
techniques were employed to estimate in situ 
stress state around the well by using the core 
sample retrieved from the depth about 600m. 
Both results show that the maximum principal 
stress orient to NE-SW, and the maximum and 
the intermediate principal stresses lie close to 
the horizontal plane. This is consistent with 
the occurrence of the borehole breakouts 
observed in the well. These results are in good 
agreement with the in situ stress measured by 
hydraulic fracturing. Although ASR and DSCA 
are convenient and economical methods to 
estimate in situ stress condition, the reliability 
of both methods is still unclear because the 
relationship between the microcracks due to 
stress relief and the in situ stress condition are 
still unknown. To evaluate applicability of both 
methods to stress measurements, we discuss 
some problems of microcracks relevant to ASR 
and DSCA.

INTRODUCTION
After the Hyogoken-nanbu earthquake of 

January 17, 1995 (M7.2), Geological Survey of 
Japan drilled a lOOOm-deep well at the 
intersection of the aftershock zone and the 
Arima-Takatsuki tectonic line located about 
50km northeast of the Nojima Fault (Fig.l). 
One of the purposes of this drilling project is to 
investigate the crustal stress state. We carried 
out two kinds of core-based stress 
measurements: Anelastic Strain Recovery 
(Voight,1968; Teufel and Warpinski,1984) and 
Differential Strain Curve Analysis (Strickland 
and Ren,1980; Dey and Brown, 1986).

Hereafter these two techniques are denoted as 
ASR and DSCA, respectively. The core-based 
stress measurement methods could be useful, 
when the borehole wall condition is not 
suitable for the hydraulic fracturing method.

A lot of studies have been carried out over 
the last two decades on core-based stress 
measurement techniques, such as ASR and 
DSCA, to estimate in situ stress conveniently 
and economically. However, the mechanisms of 
microcrack generation during the stress 
relaxation in the core sample and the 
relationship between the microcracks and the 
in-situ stress are still unclear. Since ASR and 
DSCA use the same core sample, it is possible 
to investigate the characteristics of 
microcracks that are of basic importance in two 
methods. Stress measurements by ASR and 
DSCA are based on assumptions that the core 
sample is originally isotropic and that the 
stress release inside the core sample results in 
microcracks that open against the principal 
stress with their crack planes perpendicular to 
the stress axis.

u

las.OE ias.se

Fig.l The location of the borehole (open circles) 
and aftershock distribution (solid circles).
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In this paper, we discuss the results obtained 
by ASR and DSCA methods, which were 
performed on three core samples retrieved 
from the depth about 600m, and compare the 
results with the in situ stress data obtained by 
hydraulic fracturing (Ito et al., 1997). Our 
purpose is to assess the feasibility of stress 
measurements by ASR and DSCA as a method 
of determining stress directions and 
magnitudes. We also aim to increase the 
reliability for measuring and interpreting of in 
situ stress conditions.

MEASUREMENTS
ASR (Anelastic Strain Recovery)

The drilling site is located at Arima- 
Takatsuki tectonic line of which major fault 
oriented ENE-WSW. The borehole is drilled 
vertical and the depth is 1000m. 66mm- 
diameter cores were retrieved from the rhyolite 
formation at the depth 590-615m. After 
removing the drilled core from the wireline 
corebarrel, a core sample of 20-40cm in length 
was cut from the lowest part of the core and 
marked with a scribe line. Anelastic strain 
measurements started from 2-2.5 hours after 
coring.

ASR technique measures the stress 
relaxation in the fresh core retrieved from deep 
borehole using linear variable differential 
transformers (LVDTs) or strain gages, which 
are instrumented immediately after retrieval 
from the core barrel (Wolter and Berckhemer, 
1989; Xue et al., 1998). The core sample needs 
to be retrieved within several hours after core 
cutting, instrumented quickly, and then 
monitored for an interval from several days to 
several weeks. In this study, we mounted five 
strain gage rosettes (#1 - #5) directly on the 
core side-surface at each 72° in azimuth 
(Fig.2a). We used strain gages for strain 
measurements in stead of LVDT, because we 
use strain gages for DSCA and the 
measurement methods should be same for the 
two methods. Instrumented cores were 
wrapped with thin films and inserted into an 
isolated container to prevent moisture loss 
inside the cores.

Both strain and temperature were measured 
by a portable data acquisition system, and data 
were recorded every ten minutes for periods of 
about one day to several weeks. A platinum 
temperature probe is placed directly on the 
surface of the core. During ASR measurements,

the room temperature was kept constant at 
25°C to avoid thermal effects on core samples. 
It takes about 5 hours for core sample to reach 
the thermal equilibrium. The temperature of 
the sample surface shows periodical change 
between 20 °C and 23°C, corresponding to the 
daily temperature variation of outer 
atmosphere. We minimize the effect of the 
daily variation on data analysis by collecting 
the temperature effect. The method of strain 
analysis used for ASR is similar to that 
described in Kato et al. (1994).

DSCA (Differential Strain Curve Analysis)
DSCA technique measures.the strains of rock 

sample under hydrostatic pressures. A cubic 
sample was cut from the same core used for 
ASR measurement, of which orientation is 
temporally assigned with a scribe line marked 
on the position of gage #1 in ASR measurement. 
All measurements and analysis of the present 
study were performed on the basis of the 
direction assigned by this line. Three single- 
component strain gages (0, 45, 90 degree) were 
mounted in a rosette pattern on each surface of 
the cubic sample (Fig.2b). The entire sample 
was sealed with silicon rubber to prevent 
immersion of pressure medium oil. As 
suggested by Siegfried and Simmons (1978), 
the instrumented sample was set inside the 
pressure vessel with a same-instrumented 
fused silica, which was used as a reference for 
reducing thermal effects and electrical drifts. 
The sample and the reference are then 
pressured up to 150MPa by stepwise 
increasing of confining pressure. The strain 
data of rock sample and fused silica were 
recorded by using a portable data acquisition 
system. The data analysis method used for 
DSCA in this study is similar to that described 
by Dey and Brown (1986).

DSCA provides additional information on 
rock anisotropy resulted from microcracks, by 
observing the closure of microcracks under 
hydrostatic pressure. If the microcracks in core 
samples are opened as a result of stress relief, 
the microcrack-planes will preferentially orient 
perpendicular to the in situ principal stresses. 
Since we use the same core sample for ASR and 
DSCA. The DSCA principal strain directions 
should coincide with those indicated by ASR.

True orientations of the cores were 
determined later by assigning the prominent 
fractures in the cores to the fractures seen in
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the ultrasonic borehole televiewer of which 
true orientations are accurately known.

(a) ASR (b) DSCA

Fig.2 Configurations of strain gages for ASR 
and DSCA. The cubic DSCA sample was cut 
from the same core used for ASR 
measurement.

RESULTS
Fig.3a-5a show the principal strain recovery 

of ASR, calculated from the anelastic strains 
measured by strain gages. Strain recovery was 
monitored about 20 hours for sample No.l and 
No.2, and 170 hours for sample No.5, 
respectively. Time-dependent strain recovery 
continues for several days. In sample No.l and 
No.2, the anelastic strains are still increasing 
after 25 hours. To confirm that the strain 
recovery curve reaches an asymptotic value, 
strain measurement should continue for more 
than 100 hours.

The intermediate strain and the minimum 
strain in sample No.l show much smaller 
values than those of the maximum principal 
strain. In sample No.2, a part of strain.data is 
lacking because of a system trouble. Typical 
anelastic strain recovery curves appear in 
sample No.5, whose strains increase rapidly at 
the initial stage and then approach constant 
values asymptotically.

At the beginning of the strain measurements, 
all the recovery curves indicate slight 
shrinkage of core samples, but after 10 hours 
they indicate expansion. The initial shrinkage 
is due to reduction of pore fluid pressure 
resulted from pore-fluid diffusion (Sarda and 
Perreau, 1989). Thus two processes are 
competing during ASR measurements: 
shrinkage caused by pore-fluid diffusion and

expansion by anelastic strain recovery. Since 
the permeability of our sample is very low 
(microdarcy order), the time interval of several 
hours may be insufficient for relaxation of pore 
pressure by fluid diffusion throughout the 
sample.

Fig.3b-5b show the stereographic projections 
of the principal strain directions for each 
sample. In all samples the maximum principal 
strains orient at NE-SW. Two principal strains, 
the maximum and the intermediate, lie close to 
the horizontal plane.
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Fig.6 DSCA results for sample No.l (depth: 
590m). (a)The principal anelastic strains 
recovery. (b)Estimated orientations of the 
principal anelastic strains (upper hemisphere 
stereonet).

The principal strain directions are almost 
equal for the three samples, indicating all 
results of DSCA are consistent. It is important 
to note that the principal strain directions in 
DSCA show only a little change with pressure, 
whereas those of ASR show considerable 
changes with time. Closure of microcracks 
under hydrostatic pressure depends on aspect 
ratio of microcrack (Walsh, 1965). The DSCA 
results (Figs. 6b-8b) suggest that the 
predominant orientations of microcracks are 
almost same for all cracks, irrelevant to their 
aspect ratios. Thus the predominant cracks are 
quite uniform in studied samples.

40 80 120 

Pressure (MPa)

160

Fig.7 DSCA results for sample No.2 (depth: 
593m). (a)The principal anelastic strains 
recovery. (b)Estimated orientations of the 
principal anelastic strains (upper hemisphere 
stereonet).

80 120 160

Pressure (MPa)

(b)

Fig.8 DSCA results for sample No.5 (depth:
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614m). (a)The principal anelastic strains 
recovery. (b)Estimated orientations of the 
principal anelastic strains (upper hemisphere 
stereonet).

DISCUSSION
Microcracks in crystalline rocks appear in a 

variety of forms as reviewed by Kranz (1983). 
Tb find a relationship between the 
characteristics of microcracks in drilled cores 
and the in situ stress conditions, it is necessary 
to investigate the mechanism of the stress 
relief during ASR measurements. 
Experimental measurements of the elastic 
wave velocity and permeability on drilled cores 
show that P-wave velocity decreases and 
permeability increases as the core depth 
becomes deeper (Morrow and Byerlee, 1992; 
Morrow et al., 1997). These results strongly 
suggest that the microcracks are generated by 
the stress relief inside the core sample due to 
the removal from the stressed rock mass to the 
stress-free state.

To investigate the mechanism of stress relief, 
Wolter and Berckhemer (1989) measured 
acoustic emission on drilled cores, and found a 
strong correspondence between the overall 
characteristics of the acoustic emission and the 
strain recovery. They concluded that the 
occurrence of each acoustic emission marks a 
tensile microcrack formation. In the meantime, 
Engelder (1984) suggested that the time- 
dependent behavior of strain caused by stress 
relief is controlled by healed cracks in Algerie 
Granite. Open cracks and healed cracks could 
exist simultaneously in cores. It is still unclear 
which is dominant, and which one mainly 
generates the anelastic strain. Applying ASR 
and DSCA on the same sample may give an 
answer to these problems.

Kowallis and Wang (1983) studied the 
microcracks in granite from Illinois borehole 
UPH-3, and found that most of the microcracks 
are due to stress relief, and healed cracks have 
higher aspect ratio than that of open cracks. 
Thus it seems that there could be some distinct 
sets of healed and open cracks, having different 
role in ASR and DSCA.

Our measurements show that both principal 
strain directions in ASR and DSCA are very 
close each other for all the samples, and their 
principal strain directions are in good 
agreement with the maximum stress direction 
determined by hydraulic fracturing and the

borehole breackouts. These results indicate 
that the open microcracks of studied rock 
samples are not greatly different in aspect 
ratio and predominant crack directions. The 
open crack hypothesis is also supported by the 
results of crack spectrum analysis by Dey and 
Brown (1986); they showed spectra of crack 
aspect ratio by analyzing the population of 
cracks closing under hydrostatic pressure. 
Only one peak was observed in crack spectra of 
our sample. We believe that open cracks 
probably play a main role in ASR and DSCA.

CONCLUSIONS
ASR and DSCA on the same drilled cores 

retrieved from the Arima-Takatsuki Tectonic 
Line show consistent results on the principal 
strain directions for all samples. This enables a 
prediction of the principal stress direction.

The ASR and DSCA methods in its simplest 
form appear to provide an economical and 
convenient method for measuring both stress 
magnitudes and directions. Most of the 
microcracks in studied samples are probably 
produced from stress relief. However, the 
reliable mechanism of the microcrack 
occurrence during stress relief is still unclear. 
Further work is necessary to allow us to 
calculate reliable stress tensor. Application of 
ASR and DSCA methods for the same core 
sample will be greatly useful for improving the 
reliability of the stress measurements.
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ABSTRACT

Cores and downhole measurements collected from 
the GSJ Hirabayashi hole, Japan, after the 
devastating Nanbu Earthquake (M = 7.2) are 
analyzed to study the relationship between 
deformation, alteration and physical properties of the 
penetrated granodiorite.

In particular, the electrical properties of 24 samples 
are analyzed in order to derive the effective 
formation factor (F) as well as the electrical surface 
properties. These are analyzed in terms of structure 
of the pore space such as porosity (0), tortuosity and 
altered matrix fraction. While 0 and F are, as 
expected, inversely related, tortuosity is also found 
(for 92 % of the samples) to be inversely related to 
porosity and altered matrix fraction.

The physical properties measured in-situ seem to be 
related, in this transpressional context, to changes in 
alteration and fracturing intensity. A low-frequency, 
monotonic decrease in electrical resistivity is 
recorded between fresher granodiorites in the upper 
part of the hole and the recent rupture (or "co-axial" 
zone), near 625 m. This tendency appears to reflect, 
over tens of m (in terms of true fault thickness), a 
macroscopic increase in the intensity of fracturing 
and alteration of the granodiorites towards the most 
recent rupture of the fault. Variations in saturating 
fluid salinity in the hanging wall might also 
contribute to this monotonic electrical resistivity 
trend. The central, cataclastic part of the fault is also 
described from in-situ measurements of physical 
properties and measured as 30 cm-thick. In-situ 
intrinsic of the fault gouge might be derived in the 
future from the numerical modeling of electrical 
logs.

INTRODUCTION

While lithospheric rupture processes have been 
studied for many decades (in the field, in the 
laboratory, or from modelling), detailed in-situ 
studies of a major fault zone in terms of structure 
and dynamics has never been performed. While 
downhole geophysical methods now allow one to 
image the borehole wall at cm-scale, the in-situ

analysis in the vicinity of the fault of dynamic 
parameters such as heat-flow, spontaneous potential, 
or stress field is now of scientific concern. While the 
presence of core is vital for such analyses, 
continuous borehole geophysical images do not 
necessarily require continuous coring anymore. Such 
is actually difficult to achieve in faulted 
environments.

Numerous projects of drilling active lithospheric 
faults have however been proposed over the last 
decade. Attempts have, for example, been made to 
drill at sea, either though an active normal fault in 
the Woodlark basin (ODP Leg 180), or in less active 
structures on the flank of mid-ocean ridges (Pezard 
et al., 1997). On land, projects to drill either through 
the San Andreas Fault (California), or one of the 
normal faults associated with rifting in the Gulf of 
Corinth (Greece) are now in the planning phase.

In this framework, the hole drilled in 1996 at 
Hirabayashi by the Geological Survey of Japan 
(GSJ) is among the very first to penetrate an active 
segment of a seismogenic fault. In a fairly uniform 
lithological context, the impact of deformation and 
alteration in the near vicinity of the fault may be 
evaluated from the very complete set of geophysical 
and geological data obtained. We have chosen here 
to study the relationship between deformation, 
alteration and physical properties through the 
analysis of electrical properties of the Awaji 
granodiorites. The preliminary results are presented 
below.

NANBU EARTHQUAKE - NOJIMA FAULT.

In January 1995, the Hyogo-ken/Nanbu Earthquake 
(or "Kobe" Earthquake, with M=7.2) was for Japan 
one of the most destructive since the great Kanto (or 
"Tokyo") Earthquake in 1923. The epicentrer was 
located about 20 km to the south-west of Kobe, and 
to the north-east of Awaji island, along a tectonic 
line oriented NE-SW. A 10,5 km-long surface 
rupture was observed along the Nojima Fault, with 
both dextral and reverse sense of motion, and 
displacement amplitudes on the order of 2 m (Awata 
et al., 1996; Tanaka et al., 1999).
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GSJ fflRABAYASffl HOLE

Five hole were drilled along the Nojima Fault in 
1996 under the split responsability, according to site, 
of GSJ and the University of Ehime (Tanaka et al., 
1999). Two of these, located on Awaji island (at 
Ikuha and Hirabayashi), intersected a major fault. 
The Hirabayashi drill site was located close to the 
surface rupture of the Nojima Fault, where the 
largest displacement values were measured. The 
hole reaches a total depth of 746 m while penetrating 
the fault over more than 300 m, hence less than 30 m 
in true thickness due to the relative inclination of the 
hole with respect to the structure. The most recent 
rupture was identified at 625 m in the hole from 
core, downhole "Stoneley" wave attenuation, as well 
as borehole wall images (Ito et al., 1998).

Between 152 and 746 m, the core recovery from the 
GSJ Hirabayashi hole was larger than 95 %. The 
penetrated lithology is mostly constituted with 
granodiorites, with rare intrusions of porphyry. The 
granodiorites are altered and deformed to varying 
degrees, as illustrated in downhole physical 
properties measurements (Figure 1).

Natural Gonuaa 
RadioactMtT (tpi)

100 1000 10*

Electrical Resistivity (Om)

Figure 1. Electrical resistivity logs recorded with a 
Normal sonde (16" and 64"; to the right-hand side), 
with gamma ray log (to the left-hand side) and 
sample locations (open circles to the far right).

of the hole (between 150 and 300 m) and the recent 
rupture (or "co-axial" zone) near 625 m. This trend 
appears to reflect, over tens of m (in terms of true 
fault thickness), a macroscopic increase in the rate of 
fracturing and alteration of the granodiorites, 
elsewhere considered as fairly uniform from 
chemical analyses (Fujimoto et al., submitted). 
Variations in saturating fluid nature and salinity 
might also contribute to this monotonic resistivity 
trend.

The increase in natural gamma ray radioactivity 
(GR) over the 100 m-long section located above the 
recent rupture (Figure 1) indicates the precipitation 
of K/Th/U-rich minerals in relation to fluid 
circulation and the seismogenic process. Away from 
the co-axial zone, smaller fracture zones tend to be 
associated with a GR decrease. In the core, the 
deformation was described as more intense in the 
hanging-wall than in the foot-wall (Ito et al, 1998; 
Ohtani et al., soumis).

At a smaller scale, that of a few meters, a similar 
behavior is identified from other downhole 
measurements in front of small fracture zones (with 
dm-scale true thickness) such as those located near 
250 or 360 m. While physical properties variations 
are gradual in the hanging-wall of these dm-scale 
structures, an abrupt change is often recorded at the 
base, locally reflecting the assymetrical tendancy 
obtained over the entire length of the hole. In order 
to study the relationship between physical 
properties, alteration and fracturing intensity, a set of 
60 cores with varying degrees of deformation and 
alteration was sampled. Preliminary results from 
core analyses are presented in the following, then 
compared to in-situ measurements.

ELECTRICAL CONDUCTIVITY

The sensitivity of electrical properties of porous 
media to fluid-content provides a powerful means to 
detect conductive horizons such as fractures in a 
resistive matrix (Walsh & Brace, 1984; Katsube & 
Hume, 1987; Pezard et al., 1988). At a m-scale, in 
situ measurements of electrical resistivity are 
usually analyzed to derive porosity (Archie, 1942; 
Brace et al., 1965). The possiblity to identify in the 
laboratory the different modes by which the current 
is being transported also provides, with the analysis 
of surface electrical conduction (Waxman & Smits, 
1968; Pezard, 1990; Revil & Glover, 1998), insights 
into the degree of alteration of the rock.

DOWNHOLE MEASUREMENTS

A low-frequency, monotonic decrease in electrical 
resistivity is, for example, recorded between less 
altered and fractured granodiorites in the upper part

BACKGROUND

In a porous media constituted with a matrix 
considered as infinitely resistive and a connected
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pore space saturated with a conductive electrolyte, 
two main mechanisms for electrical conduction 
appear: an electrolytic conduction mechanism in 
pore volumes as well as a "surface" conduction 
mechanism at the interface between the electrolyte 
and minerals. The latter is due to the presence of 
charges present to conserve the electroneutrality of 
the interface and constituting a diffuse layer through 
which cations migrate to contribute to the overall 
conduction.

When the surface conduction component is 
negligible with respect to the electrolytic 
component, the total conductivity of the pore space 
(C0) can be considered as proportional to that of the 
saturating fluid (Q*). The proportionality coefficient 
F is the dimensionless electrical "formation factor":

= CW /F (1)

F has often been considered to caracterize the 3D 
topology of the pore space.

Surface conductivity. When surface processes 
cannot be neglected with respect to electrolytic 
conduction, which is generally the case in the 
presence of alteration phases or clays, (1) does not 
hold anymore. Waxman et Smits (1968; WS) have 
proposed an empirical model to take into account 
the excess conductivity (C,) due to surface 
processes, with:

= CW /F (2)

This added conductivity (Cs) is attributed to the 
circulation of hydrolized cations within a so-called 
diffuse layer located at the fluid-grain interface. C, 
is hence related to the notion of cations exchange 
capacity (CEC) of the altered phase in the pore 
space. The CEC represents the number of cations 
considered as mobile per unit weight, and is 
expressed in meq/100 g (or in cmole/kg). Per unit 
volume, the CEC est noted Qv (and expressed in 
meq/ml), with:

Qv = CEC.pm .(l-0)/0 (3)

where p ra is the grain density. The electrical 
conductivity of the pore space may then be written, 
after Waxman & Smits (1968):

(4)

where \i is the mobility of cations in the diffuse 
layer, and F* the global electrical formation factor 
of the sample. This model is considered as 
satisfactory at high fluid salinity (HS), but poor at 
low fluid salinity (LS), with a tendency to 
overestimate surface conductivity processes outlined 
in laboratory measurements. For example, the

Waxman & Smits (WS) model is based on a 
constant Qv and u, decreasing at low salinity while 
cations mobility tends to increase at low salinity.

A new approach based on the pore space 
microgeometry is proposed by Revil & Glover 
(1998), with:

Co = f(F, (5)

where t^) is the Hittorf number of cations in the 
electrolyte, and £ is a dimensionless parameter 
defined by Kan and Sen (1987), with:

- (2/3) [0 / (1-0)] B$ Qv / 
= (2/3)Bs pm CEC/Cw (6)

and B, is the ionic mobility determined by Revil & 
Glover (RG) from a database including 129 samples 
with different types of clay content. For a 
monovalent solute with Na* ions, RG propose B, = 
5.14 10'9 mV.V1 at 25 °C, and t%, (Na+) « 0.38. 
f(F, £) is a complex function of F and ^ detailed by 
RG. The predictive capacity of this model covers the 
adequate salinity range. WhileWS propose:

(HS),
(LS) (7),

From the single approach of (5), the RG model is 
more precise yielding the following high and low 
salinity end-members with:

1)] (HS)
(LS) (8).

In the following, the electrical resistivity of a set of 
samples from the GSJ Hirabayashi hole has been 
measured at 100 Hz with a variable saturating fluid 
salinity. The intrinsic electrical "formation factor" F 
of each sample, as well as surface conductivity 
parameters have been extracted with the RG model, 
then converted in terms of 3D topology of the pore 
space.

Altered fraction. On the basis of surface electrical 
properties, an estimate for the altered weight 
fraction ((pa) of the matrix has been derived. After 
Waxman et Smits (1968), or equations (3) & (4) 
here, the surface conductivity (Cs) and cation 
exchange capacity (CEC) are related. In the case of 
clay-sand mixtures, Revil et al. (1998) propose to 
relate the effective or "mean" CEC of the porous 
media to the clay weight-fraction ((ptt) defined as 
follows:

CEC= (pa . Z Xl CEQ (9)
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where CEQ are the respective values of CEC for the 
differents clay fractions, and %j the relatives 
fractions for each of the clay components.

In the following, the notion of alteration is related to 
the surface electrical properties of alteration phases 
of granodiorites, but also to the (small) size of clay 
particles with respect to that of primary phases such 
as quartz. The notion of altered fraction ((pj is here 
extended to that of granodiorites from the Nojima 
fault zone, keeping only in our model one alteration 
phase per sample. Equation (9) consequently 
becomes:

CEC = q>w . CEC* (10)

Where the CEC.it is that mesured from 
cobalthexamine titration on the fraction < ISO |im 
for each sample. As the effective CEC is related to 
the effective surface conductivity (C$) by (6), the 
altered fraction (<pj is obtained from (11), yielding:

Cs = (2/3) (pw Bs pM CEC,,, (ID

With BS as above for an electrolyte with sodium 
cations only, while C$, PM and the CEC,i, are 
measured in the laboratory on the same sample. <pm 
is then computed for each sample. In summary, this 
new method a quantitative evaluation of the altered 
weight fraction of the matrix in a cristalline rock 
offers on the basis of electrical properties.

CORE MEASUREMENTS

At this stage of the project, 24 samples from the GSJ 
Hirabayashi hole have been subjected in series to 
eight different saturating fluids with salinities 
ranging from 0.5 to 100 g/1. This set corresponds to 
some of the less fractured and altered facies of the 
fault zone. The more damaged samples will be 
treated in the near future in a separate manner. 
Particular attention will be taken to avoid damaging 
the samples during the electrical measurements.

The effective formation factor F and surface 
conductivity (Cs) of each 24 samples has been 
computed here from the RG model, giving for the 
derivation the same weight to each of the 
measurements. This justifies the use of a logarithmic 
scale (Figure 2). Among this set, two samples 
corresponding respectively to the freshest and more 
porous rocks are presented here to illustrate the 
method. All the samples are 25 mm long cylinders 
cut with a 25 mm diameter and with the axis in the 
horizontal plane.

(S/m)

Figure 2. Neperian logarithm of fluid and core 
conductivities for two of the samples from the GSJ 
Hirabayashi hole. The less conductive sample (open 
symbols) is from 204.0 m, that is more than 30 m 
away from the main trace of the fault, while the 
more conductive one (closed symbols) is from 532.7 
m, that is within 10m from the main fault.

While F values from core provide a range similar to 
that deduced from in-situ measurements (Figure 3), 
the porosity measurements from logs are, on 
average, up to an order of magnitude too high. This 
is due to the presence of high-capture cross-section 
elements for neutrons in the granite such as Sm, Gd 
or Eu, which tends to increase the apparent porosity 
of the rock (Harvey et al., 1996; Pezard et al., 1999).

O.OO 0.01 0.10 I.OO

Figure 3. Effective formation factors F derived from 
the RG model with samples located above 410 m 
(closed symbols) and below (open symbols), close to 
the main fault zone. The porosity on core was 
determined from triple weighting. The small dots are 
points computed from downhole logs, with porosity 
values deduced from neutron activation, and F 
obtained from the 16" Normal curve, assuming a 
mean and constant pore fluid conductivity of 2.0 
S/m. Archie (1942) formula: dashed line, and Pezard 
(1990) inverse relationship for basalts: solid line, are 
drawn for reference.

The fresher, less altered samples (closed symbols) 
located away from the fault tend to follow an inverse 
relationship such as:

F = T/0 (12)
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with T=10 in this case, representing the volume 
tortuosity of the pore space (Katsube and Hume, 
1987; Pezard, 1990). The more porous, possibly 
more altered samples from the fault zone (open 
symbols) diverge from the previous trend and 
require a diffemt law than Archie's to explain the 
dataset. An exponential fit to the measurements 
made on core (Figure 4) appears to cover the entire 
range, with: m0 « 2900 and m^ - 85 (assuming in 
this case F = m0 . e "l0).

matrix aleration, while the low-T trend equated to 
samples from hydrothermally altered horizons.

Figure 4. Effective formation factors F and porosity 
for core samples from the GSJ Hirabayashi hole 
(symbols as in Fig. 3). The continuous line 
represents an exponential fit to the 24 measurements 
made on core.

As the in-situ dataset tends to follow a similar trend 
(with a different slope but a similar origin), further 
analyses will be made in the near future to test the 
validity of this result. While the samples obtained in 
the near vicinity of the fault appear as more porous 
than more distant ones (Figures 3 and 5), the 
electrical tortuosity computed from (13) as a simple 
product (T = F.0) offers a more complex behavior.

M.O

10.0

---------1-.^-..
...............fi».«ich........*(*<$)0

Figure 5. Electrical tortuosity (F0) as a function of 
porosity for core samples from the GSJ Hirabayashi 
hole. Symbols as in Fig. 3.

While the low tortuosity samples exhibit a trend 
with decreasing tortuosity at higher porosity (Figure 
5), the higher tortuosity samples follow an inverse 
relationship. Such a bimodal attitude has already 
been reported (Pezard et al., 1999) for granites from 
the Vienne area (France). In the latter case, the high- 
T trend corresponded to slow and low-temperature

..Q....L.

10 4O «O (0 100

Attend Matrix
Fraction 0w(%)

Figure 6. Electrical tortuosity (F0) as a function of 
altered matrix fraction for core samples from the 
GSJ Hirabayashi hole. Symbols as in Fig. 3.

A similar attitude is provided by the plot of electrical 
tortuosity (F0) versus altered matrix fraction (Figure 
6). Values as low as a few percent and as high as 80 
% for 0W are obtained. These results now need to be 
compared with that from traditional methods such as 
X-ray mineralogy.

DISCUSSION AND PERSPECTIVES

Electrical properties. In a very uniform and 
electrically resistive setting in terms of lithology, 
changes in the electrical resistivity signal may 
originate from three different although related 
sources with: either (1) changes in the degree of 
fracturing of the rock, or (2) changes in the nature 
of fracture fillings, or (3) changes in the degree of 
alteration of the rock, or else (4) changes in the pore 
space fluid salinity.

The degree of fracturing can be described almost 
directly down to mm-scale from downhole FMI 
electrical images of the borehole wall (Ito et al., 
1998). However, changes in alteration are more 
difficult to apprehend. As the natural gamma 
radioactivity signal (GR) provides insights into 
integrated alteration mechanisms, the first order 
signal appears to be complex. For example, a 50 % 
increase in GR is obtained in the hanging wall of the 
main fault zone only (Figure 7), in a very 
assymetrical pattern. To the contrary, a slight GR 
decrease is recorded in front of smaller fracture 
zones such as those located at 250, 370 and 435 m. 
The identification of proxies for matrix alteration in 
relation to deformation and associated fluid- 
circulation is hence necessary to the unfolding of the 
in-situ resistivity signal (Figure 7).

The determination of whether fluid circulation, 
hence alteration in the main fault zone traced in the 
GR signal is confined to the hanging wall is, for 
example, one of the main objectives of these
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analyses. If a valid proxy for matrix alteration can be 
identified, then fluid-salinity changes through this 
active fault zone may be traced.

A fair to excellent fit is obtained between laboratory 
and in-situ (using for this first-order comparison a 
constant Cw = 2.0 Q.m) estimates of formation factor 
(F), with decreasing F values close to the main fault 
zone (Figure 7).

Electrical 
Formation Factor

SO 100 ISO

Natural Gamma 
Radioactivity (gapi)

Figure 7. Electrical formation factor F derived from 
a resistivity logs recorded with a 16" Normal sonde 
(with Cw = 2.0 S/m; to the right-hand side) compared 
with a gamma ray log (to the left-hand side). F 
values derived from core with the RG model are also 
presented versus depth (open symbols).

Alteration. Besides GR data, other proxies might 
originate from the bulk density signal (Figure 8), or

2.0 2.1 1.4 2.1 1.1 2.0

Figure 8. F as a function of bulk density for core 
samples from the GSJ Hirabayashi hole (symbols as 
in Fig. 3). The in-situ density data are obtained from 
gamma activation. An exponential fit through the 
core data is presented.

the magnetic susceptibility (Figure 9). The direct 
relationship between F and bulk density might be 
related to both porosity (hence fracturing) and 
alteration of the matrix.

Magnetic SincaptMHty (10 *ri)

Figure 9. F as a function of magnetic susceptibility 
for core samples from the GSJ Hirabayashi hole 
(symbols as in Fig. 3).

As no magnetic susceptibility data were recorded in 
the hole, continuous measurements on core will be 
necessary if this property is to be used as a proxy for 
alteration. A significant decrease in magnetic 
susceptibility is obtained for the samples from the 
main fault zone (Figure 9) with respect to the fresher 
samples.

Differential Caliper 
(from Fill)

f

Figure 10. Electrical resistivity log recorded with a 
16" Normal sonde (to the right-hand side) compared 
with a differential caliper from orthogonal 
mechanical measurements of the FMI (to the left- 
hand side) and location of active faults identified 
from the analysis of BHTV images (closed triangles 
to the far right; Ce'le'rier et al., this issue).
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Once continuous alteration and fluid conductivity 
(Cw) logs obtained from the combined analysis of 
laboratory and downhole measurements, an attempt 
at identifying the signal related to the last seismic 
event should be made.

Active faulting. In particular, a comparison between 
electrical anomalies and zones identified from 
BHTV images as mechanically weak or active 
during drilling in 1996, that is one year after the 
Nanbu earthquake, should be made. Each active 
fault and differential caliper anomaly is found here 
to be the site of a resistivity drop (Figure 10).

The 24 active horizons detected from BHTV images 
over a 12-m-long interval (Ce"le"rier et al., this issue), 
described elsewhere as the inner part of the main 
fault zone (Ito et al., 1998), define a zone where 
sharp hole size and electrical resistivity anomalies 
are recorded. In the upper 3 m of this zone, and in 
order to determine the intrinsic electrical properties 
of the 30-cm-thick gouge where the most intense 
deformation has been found (Fujimoto et al., this 
issue), 3D numerical modeling of the scalar 
resistivity logs (Normal 16" and 64") should be 
performed on the basis of the geometry derived from 
FMI images, as well as from measurements on core.

N16" Electrical 
Resistivity (Cl.m)

FMI Caliper ( ')

Figure 12. Electrical resistivity log recorded with a 
16" Normal sonde (to the right-hand side) compared 
with a caliper measurement from the FMI (to the 
left-hand side) and location of active faults identified 
from the analysis of BHTV images (open triangles 
to the far right; Ce'le'rier et al., this issue). The 
location of the 12-m-thick, inner part of the main 
fault zone is underlined to the far left of the diagram, 
from 623 to 635 m.

In summary, the physical properties measured in-situ 
seems to be related, in this transpressional context,

to alteration and fracturing intensity. This 
relationship might be tested with a set of coherent 
petrological, mineralogical and petrophysical 
measurements on cylindrical mini-cores. The 
samples have been chosen in order to analyse, from 
cm- to 100 m-scale, a set of rocks with varying 
degrees of deformation and alteration. A thin section 
will be cut for each of the samples in order to 
identifiy the modes of deformation and alteration to 
which the rocks were submitted.
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ABSTRACT

The borehole was drilled by the Geological Sur 

vey of Japan to penetrate the Nojima fault. The coring , 

borehole logging and hydrophone VSP experiment were 

carried out. The fault zone is characterized by altered and 

deformed rocks from 426.1 m to 746 m, with coaxial zone 

of fault gouge at 623.3 m to 625.1 m. We detected a few 

thousands of fractures from FMI images. The trend of the 

fracture strike at the depth range where the conventional 

logging data showed extreme anomaly in the fault zone 

almost parallel to the surface strike of the Nojima fault, 

although the strike of all fractures inside of the fault zone 

is rather dispersed. Seismic anisotropy outside of the fault 

zone estimated from the DSI data is considered to be 

caused by the aligned fracture with NW - SE trend. It is 

noteworthy that almost all the resistive fractures are dis 

tributed in the shallower depth than the coaxial zone. The 

strike and dip of some fractures at coaxial zone are con 

sistent with the surface strike of the Nojima fault and the 

dip estimated from the depth of coaxial zone. The frac 

tures at coaxial zone are considered to be permeable from 

the results of hydrophone VSP analysis.

INTRODUCTION

Subsurface fracture systems have an essential in 

fluence on rock strength, seismic velocities, seismic anisot 

ropy and permeability. It is very important to characterize 

the orientation , frequency and permeability of fractures 

in the fault zone in order to understand the earthquake 

fault mechanics.

The Geological Survey of Japan drilled a 746.7 m 

deep borehole at Nojima Hirabayashi on the northwest

ern coast of Awaji Island to penetrate the Nojima fault. 

Cores were recovered for almost entire depth interval from 

152 m to 746 m. In addition to conventional logging, 

FMI* (Fullbore Formation Microlmager) and DSI* (Dip- 

loe Shear Sonic Imager) were conducted (Ito et al., 1996). 

FMI images provided the detailed distribution of 

fractures. In this study, we analyzed the FMI fracture data 

inside and outside of the fault zone in order to character 

ize the fracture system in the Nojima fault.

BOREHOLE DATA

The drilling site was 74.6 m from the surface break 

of the Nojima fault. The borehole was drilled through 300 

m of granodiorite at the surface. The borehole then pen 

etrated layers of protolith granodiorite and porphyry and 

the fault zone from 426 m to the bottom of the hole, which 

was characterized by deformed and altered rocks ( Ito et 

al., 1996, Tanaka et al., 1999). The coaxial zone of the 

Nojima fault, which consists of a fault gouge, was found 

at 623.3-625.1 m. In the fault zone (426-746 m), fault 

gouges and cataclasite were detected. Fig. I shows the 

geological structure of the borehole.

We conducted the borehole logging including FMI 

and DSI. The fault zone observed by core inspection is 

characterized by low velocity, low electrical resistivity and 

low density. Especially, the logging data showed extremely 

large anomaly at the depth range from 623 m to 650 m. 

DSI tool can measure differences in shear slowness in dif 

ferent directions in a plane perpendicular to the tool axis. 

Therefore we analyzed seismic anisotropy along the bore 

hole from the DSI data. FMI tool provides micro-resistiv 

ity images of the borehole wall. We were able to detect a 

few thousands of conductive fractures and resistive ones
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from FMI images. Fig. 2 shows the frequency of the all 
fractures detected from FMI images. Fracture dips and 
dip directions with depth is presented in Fig. 3.

We also carried out hydrophone VSP experiment 

at this borehole. Kiguchi et al. (1998) analyzed tube waves 
obtained by the VSP in order to detected permeable frac 
tures and to estimate the parameter of the permeable frac 
tures, such as permeability, dip and strike.

RESULTS OF FRACTURE ANALYSIS
Orientation of the fractures inside and outside of the fault

zone

The fault zone from 426 m to the bottom of the

hole was characterized by deformed and altered rocks by 
core inspection. A few thousands of fractures were de 
tected inside and outside of the fault zone (Fig. 2). We 
compared the fracture trend inside of the fault zone with 

one outside of the fault zone.
Orientations of all fractures inside of the fault zone 

are shown in Fig. 4 (a) in a lower hemisphere equal-area 
projection. Shading pattern gives the standard deviation 
from a random distribution. Fig. 4 (b) and (c) are pre 
sented as the distribution of strike and dip of all fractures 
inside of the fault zone, respectively. Fig 5 is the same 
plot as Fig. 4 for the fractures outside of the fault zone. As 
shown in Fig. 4 (b), strike of the fractures inside of the 
fault zone is rather dispersed and the major trend of strike

(a)

Equal ATM Stirke of the Nojima fault

Fig 4. (a) Lower hemisphere equal-area projection for the fractures inside of the fault zone (426 - 745 
m). Contour interval is 2 o . The distribution of strike (b) and dip (c) of the fractures inside of the 
fault zone. The surface strike of the Nojima fault are indicated.

Stirke of the Nojima fault

-
»: <   ^   '. 'i.'-.'x >- 'I S X. ? ''--r \ W'' ^:-' 

x /"'-f-i..... i-V N .
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Fig 5. Same as Fig 4 for the fractures outside of the fault zoxne (152 - 426 m).
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(a)
EqutfAfM Stirke of the Nojima fault 

(b) \y (c)

Fig 6. Same as Fig 4 for the fractures at the depth range from 623 m to 650 m, where the logging data 

shows extremely large anomaly.

is not clear. On the other hand, the concentration of the 

fractures outside of the fault zone strikes as NW - SE (Fig. 

5 (b)). Although the trend of the all fracture strike inside 

of the fault zone is not clear, the concentration of the frac 

ture at the depth range from 623 m to 650 m, where the 

logging data showed extremely large anomaly, strikes as 

NE - SW. Orientation of the fractures at the depth range 

from 623 m to 650 m and the distribution of strike and dip 

are shown in Fig. 6. There is no significant difference of 

the trend of fracture dip between inside and outside of the 

fault zone.

Distribution of the resistive fractures

(a)

We were able to detect resistive fractures as resis 

tive sinusoids observed on the FMI image. The filling 

materials in fracture are considered to cause resistive on 

the FMI image. Fig. 7 shows the distribution of the resis 

tive fractures. The number of the resistive fractures is re 

markably less than one of the conductive fractures. It is 

noteworthy that most resistive fractures are distributed in 

the shallower zone than the coaxial zone of fault gouge at 

623.3-625.1 m and there is only one resistive fracture at 

the depth range from 600 m to the bottom of the hole. 

The trend of the strike of the resistive fractures is NE - 

SW.

Seismic anisotropy and fracture trend

Stirfce of the Nojima fault

Fracture frequency /5m

Fig 7. (a) Distribution of the frequency of the resistive fractures per 5 m. (b) Lower hemisphere equal-area 

projection for the resistive fractures. The distribution of strike (c) and dip (d) of the resistive fractures.
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Fig 8. Azimuth of the fast shear wave estimated from the DSI data as a function of distance from the 

coaxial zone of the fault. Negative value in the horizontal axis indicates shallower depth than coaxial zone. 

The shading zone indicates the fault zone.

We analyzed seismic anisotropy along the bore 

hole from the DSI data. The azimuth of the fast shear wave 

estimated from the DSI data is shown in Fig. 8. The hori 

zontal axis in Fig. 8 is the distance from coaxial 

zone(623.3-625.1 m) and negative value in the axis im 

plies shallower depth than coaxial zone. At outside of the 

fault zone, the fast shear azimuth is localized in NW di 

rection. The result that the concentration of the fractures 

outside of the fault zone strikes as NW - SE implies that 

seismic anisotropy outside of the fault zone is caused by 

the aligned fractures. Inside of the fault zone, the fast shear 

azimuth is rather dispersed in the same manner as the frac 

ture trend.

Characterization of the fractures at coaxial zone (623.3- 
625.1m)

The fractures at coaxial zone of fault gouge (623.3 

- 625.1 m) are detected as shown in Fig. 9. The following 

are major finding in characterizing the fractures:

(I) The dip direction of almost all the fractures is about

S50° E. This is in good agreement with the surface 

strike of the Nojima fault.

(2) The fractures have higher dip angle than 65 de 

grees except one fracture. The dip of some fractures is 

consistent with the one which is estimated from the 

angle between the surface trace and the depth of the 

fault gouge; about 80 degrees.

(3) Several fractures seem to have parallel structure, 

because these fractures have the almost same strike 

and dip. These fractures are considered to correspond 

to a foliation of the fault gouge.

From the hydrophone VSP data, the coaxial zone 

has very high permeability and the estimated dip of the 

permeable fracture is about 80 degrees (Kiguchi et al., 

1998). Therefore we think that there are permeable frac 
tures at coaxial zone.

CONCLUSIONS

We detected and analyzed the fractures from the 

FMI data at the borehole which was drilled to penetrates 

the Nojima fault. The fractures outside of the fault zone
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have the dominant trend of strike as NW-SE. This frac 
ture trend is consistent with the azimuth of the fast shear 
wave estimated from the DSI data. Therefore seismic 
anisotropy at outside of the fault zone is considered to be 
caused by the aligned fractures. The fracture strike inside 
of the fault zone is widely dispersed. However, the con 
centration of the fractures at the depth range, where the 
logging data showed extremely large anomaly in the fault 
zone, strikes as NE - SW. This fracture trend is roughly 
parallels the surface strike of the Nojima fault. It is im 
portant to note that almost all the resistive fractures are 
distributed in the shallower depth than the coaxial zone 
(623.3 - 625.1 m) and the trend of the resistive fractures is 
NE - SW. Most of the fractures at coaxial zone have the 
same strike and high dip angle. This strike and dip are 
good agreement with the surface strike of the Nojima fault 
and the dip estimated from the depth of the fault gouge, 
respectively. From the tube wave analysis of hydrophone 
VSP, there are permeable fractures at coaxial zone.

For the future study, we will characterize the per 
meable fracture system in the Nojima fault by using the 
hydrophone VSP data and the logging data.
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ABSTRACT
Reorientation of cores from die GSJ borehole 

penetrating die Nojima fault zone was attempted by 
the comparison of the core scanner and the 
Fullbore Formation Microimager (FMI) images, 
and the distribution and orientation of macroscopic 
fractures from core scanner images were measured. 
Although more man half of cores above 350 m 
depth were reoriented, the cores in the fault zone 
were difficult to orient by the comparison of the 
core scanner and FMI images. Open fractures with 
shallow dipping are developed irrespective of 
depth along the borehole. Distribution of sealed 
fractures is consistent with mat of the porphyry 
intrusives and the fault core of the Nojima fault 
zone. The orientation of the sealed fractures is NE- 
SW with steeply NW dipping and NNE-SSW with 
steeply ESE dipping. NNE-SSW sealed fractures 
are almost parallel to the fault core of the Nojima 
fault zone. These two types of the sealed fractures 
might be a conjugate set. As open fractures were 
formed after the development of the sealed fracture, 
bom open and sealed fractures are probably related 
to the activity of the Nojima fault

INTRODUCTION
After the 1995 Kobe (Hyogo-ken Nanbu) 

earthquake (M7.2), southwest Japan, Geological 
Survey of Japan (GSJ) drilled a 746.7 m borehole 
to clarify the nature of the fault zone just after the 
large earthquake. The borehole penetrated the fault 
zone and provided samples of brittle fault rocks. 
This enabled us to perform continuous observation 
of the unweamered fault rocks in the Nojima fault 
zone. This fault drilling by GSJ (Ito et al. 1996) is 
one of the first experiences of direct observation of 
subsurface fault zones just after a large earthquake.

Although the orientation of the deformational 
features of the fault rocks is important for the 
structural study, the cores from the borehole are 
generally not oriented. A few cores from the GSJ 
borehole were oriented during the drilling, and 
most cores were not oriented. To estimate the

orientation of cores, the core scanner images were 
compared with the Fullbore Formation 
Microimager (FMI, trademark of Schlumberger) 
images.

Fracture distribution along faults is important 
for fault strength, fluid flow in fault zones. These 
are related to not only earthquake generation but 
also the problem of the nuclear waste deposit 
Borehole survey enables us to understand the 
underground fracture distribution along the active 
faults. To estimate the fracture distribution, we 
measured the orientation of fractures on the core 
scanner images. Although the orientation of 
fractures could be measured only on the reoriented 
core scanner images, open and sealed fractures 
could be distinguished on the images.

REORIENTATION OF CORES
Core scanner images are compared with FMI 

images to estimate the orientation of cores. Core 
images were captured using DMT corescan system 
(Miyazaki et al, 1997). This consists of a CCD 
camera and core rotation unit Cores are rotated on 
the rotation unit and a CCD camera captures whole 
core surface images. FMI is a logging tool to 
visualize the borehole wall based on the resistivity 
contrast They enable to observe the fracture 
distribution continuously along boreholes. FMI 
images reflect not only open fractures but also 
minor shear zones (Fig. 1). In general, it is difficult 
to detect mineralized veins from FMI images and 
to distinguish between open fractures and minor 
shear zones. Aplite veins are a good indicator to 
estimate the orientation of cores.

The success rate of core reorientation is very 
low in and around the fault core (Fig. 2). This 
results in discontinuity of recovered core samples. 
As the continuity of cores is good outside of the 
fault zone, some reorientation markers such as 
open fractures and aplite veins are included on a 
core scanner image. In contrast, few markers are 
included on an image in the fault zone. This makes 
difficult to estimate the orientation of cores.
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Fig. 1 FMI (kft) and core scanner (right) images.

FRACTURE DISTRIBUTION ALONG THE 
GSJ BOREHOLE

Fracture distribution along the GSJ borehole 
was estimated, no matter what the success of 
reorientation (Fig. 3). Distribution of open 
fractures is almost constant from 150 to 650 m 
depth. The number of open fractures increases 
below 650m depth. Distribution of sealed fractures 
such as zeolite and carbonate veins and minor 
shear zones is changed according to depth. The 
number of sealed fractures is small above 300m 
depth. From 350 to 500 m depth, many sealed 
fractures are distributed. This depth interval is 
consistent with the distribution of the porphyry 
intrusives. Sealed fractures increase again in and 
near the fault core of the Nojima fault zone from 
600 to 650 m depth.

The tendency of dip angle of open fractures 
(Fig. 4) is greatly different from that of sealed 
fractures (Fig. 5). Dip angle of open fractures is 
characterized by shallow angle. In contrast, that of 
sealed fractures is high angle.

Dip direction of open fractures concentrates to 
180-240°. This trend is changed according to depth 
(Fig. 6). That of sealed fractures trends to 90-150° 
and 300-330°. This is remarkable trend of sealed

fractures above 500 m depth (Fig. 7). Sealed 
fractures below 500 m depth do not have a marked 
tendency.

Core Reorientation

0 20 40 M M 100
<°/9

length of oriented core / length of core 

Fig. 2 Success rate of core reorientation
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DISCUSSION
Reorientation of cores by the comparison of the 

core scanner and FMI images is the first experience 
for cores from the borehole penetrating the active

fault zone. This will provide a future active fault 
drilling with useful information. Reorientation of 
cores was difficult in the Nojima fault zone. One 
reason is that the length of each core is short in the 
fault zone. Another reason is that the GSJ borehole

1500
dip of open fractures (whole depth)

300- dip of sealed fractures (whole depth)

0 10 20 30 40 50 60 70 80 90
angle 

Fig. 4 Dip angle of open fractures

0 10 20 30 40 50 60 70 80 90
angle 

Fig. 5 Dip angle of sealed fractures
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Fig. 6 Stereonet projection of open fractures. Equal area and lower hemisphere projection.

penetrated the fault rocks originated from 
granodiorite and porphyry intrusives. These rocks 
have few good markers for core reorientation. 
Foliated rocks such as sedimentary rocks and 
metamorphic rocks have an advantage for core

reorientation, because foliation is often detectable 
by FMI and it becomes a good marker. Generally, 
it is difficult to reorient cores in the fault zones. 
Oriented coring is necessary to recover the oriented
cores.

  274  



Fig. 7 Stereonet projection of sealed fractures. Equal area and lower hemisphere projection.

Distribution of the open fractures is greatly 
different from that of the sealed fractures. The open 
fractures seem to be distributed irrespective of the 
Nojima fault zone. They gentry dip, and they are

almost normal to the fault core of the Nojima fault 
zone. In contrast, the sealed fractures are 
distributed in connection with the porphyry 
intrusives and the fault core. This suggests that the
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sealed fractures are related to the porphyry 
intrusion and the activity of the Nojima fault The 
porphyry intrusion is expected to enhance the 
hydrothermal activity around the porphyry 
intrusives during the intrusion. The difference of 
physical property between the granodiorite and the 
porphyry intrusives, however, may cause the 
difference of the sealed fracture distribution. 
Because the porphyry consists of finer grains rather 
than the granodiorite, the porphyry may be 
fractured into the smaller pieces than the 
granodiorite. As there are no porphyry intrusives 
close to the fault core, the sealed fractures from 
600 to 650 m depth is probably related to the 
activity of the Nojima fault After a large 
earthquake, the fault core is expected to be a 
conduit of fluids. If the hydrothermal fluid flows 
along the fault core from the deeper part, the sealed 
fractures would be developed in and close to the 
fault core. The orientation of the sealed fractures is 
NE-SW with steeply NW dipping and NNE-SSW 
with steeply ESE dipping. The sealed fractures 
which trend NNE-SSW with steeply ESE dipping 
are almost parallel to the fault core of the Nojima 
fault zone. Those which trend NNE-SSW with 
steeply ESE dipping might be a conjugate set of 
NE-SW with steeply NW dipping. If these two 
types of sealed fractures are a conjugate set, these 
sealed fractures are suggested to be related to the 
activity of the Nojima fault This also means mat 
the porphyry intrusion might be related to the 
activity of the Nojima fault

As open fractures are generated after the sealed 
fractures, they are not a primary structure of the 
granodiorite. The characteristics of the open 
fractures may suggest the fracture development in 
the shallower zone or recent fracture development 
in the fault zone rather than the sealed fractures.

CONCLUSIONS
1. The success rate of the core reorientation by the

comparison of core scanner and FMI images is 
more man 50 percent above 350 m depth and 
quite low in the Nojima fault zone

2. The number of open fractures is developed 
irrespective of depth along the borehole. Open 
fractures have shallow dipping.

3. The number of sealed fractures increases from 
350 to 500 m and 600 to 650 m depth. The 
former is consistent with the distribution of the 
porphyry intrusives, and the latter is the fault 
core of the Nojima fault zone. The orientation of 
the sealed fractures is NE-SW with steeply NW 
dipping and NNE-SSW with steeply ESE 
dipping. NNE-SSW sealed fractures are almost 
parallel to the fault core of the Nojima fault 
zone. These two types of the sealed fractures 
might be a conjugate set.
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ABSTRACT
Long-term monitoring of the temperature 

distribution in a borehole drilled into the Nojima 
fault was conducted using the optical fiber 
temperature sensing technique. The temperature 
profile down to a depth of 1470 m has been 
measured over two years with a spatial resolution of 
1 m and the temperature resolution of about 0.1 K. 
Distinct local temperature anomalies were observed 
at three depths in the upper part of the hole (above 
500 m). They may be attributed to localized 
groundwater flows in the surrounding formations 
and some of them seem to correspond to fractured 
zones. One of the anomaly was very stable, while 
the other two were of transient nature. The water 
level in the borehole can be estimated from the 
diurnal temperature variations in the uppermost part 
of the hole and may provide information on the pore 
pressure in the fault zone. Thermal conductivity 
and radioactive heat production were measured on 
core samples and the obtained values are well 
correlated with the lithology. The conductive heat 
flow calculated from the overall temperature profile 
appears to increase with depth. It probably result 
from errors in thermal conductivity due to sampling 
problems and/or from advective heat transfer by 
regional groundwater flow. Assuming that the 
middle part of the hole (less fractured granite layer) 
is least affected by these factors, heat flow at this 
site is estimated to be 70 ± 15 mW/m2 .

INTRODUCTION
Terrestrial heat flow, an important constraint on 

the subsurface thermal structure, is determined from 
the geothermal gradient and the thermal conductiv 
ity. On land, the geothermal gradient is usually 
obtained through temperature logging in boreholes.

As die temperature profiles are disturbed by drilling 
effects, we need to log the temperature long after the 
drilling or to extrapolate repeated temperature logs 
to the equilibrium for determination of the undis- 
tubed geothermal gradient. This problem can be 
avoided if temperature sensors are installed in a 
borehole for long-term measurements. Long-term 
monitoring of the borehole temperature profile is 
also useful for detection of temporal variations of 
fluid flows in and around the hole.

We have been monitoring the temperature 
profile in a borehole drilled into the Nojima fault in 
Awaji island, southwest Japan since July, 1997, as 
part of the "Nojima Fault-zone Probe" project for 
geophysical and geological investigations of an 
earthquake fault (Ando, 1997). We also measured 
thermal properties of core samples (thermal 
conductivity and radioactive heat production). The 
purposes of these works are: 1) to determine the 
terrestrial heat flow precisely; and 2) to detect 
possible effects of fluid flows on the temperature 
profile. A reliable heat flow data is necessary for 
estimation of the thermal structure in the crust, 
which is important for studies of geophysical and 
geochemical processes around the fault. Exten 
sively fractured and highly permeable zones are 
expected to exist around the Nojima fault and they 
would act as conduits for groundwater flows. Such 
flows may be temporally variable, especially right 
after the earthquake, and might affect the distribu 
tion of heat producing elements.

TEMPERATURE MONITORING WITH AN 
OPTIC FIBER CABLE

We used the distributed optical fiber temperature 
sensing technique for temperature monitoring. It 
determines the temperature distribution continu-
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oushy along an optic fiber by sending a pulsed laser 
into the fiber and measuring the spectrum of the 
backscattered light This relatively new technol 
ogy is widely used in industry and can be a unique 
tool for temperature measurements in boreholes as 
well (Hurtig et al., 1993). Once an optic fiber 
cable has been installed in the hole, the temperature 
profile can be measured at any time, though the 
temperature resolution is much lower than that of 
ordinary thermistor or quartz sensors. For the 
system used in the present study, the spatial resolu 
tion is 1 m and the temperature resolution is about 
0.3 K.

We installed an optic fiber together with three 
seismometers in a 1740 m deep borehole at 34° 
33.0' N, 134° 56.8* E (Ogura 1800-m hole). The 
hole did not penetrate through the Nojima fault, but 
the bottom part is highly fractured and thought to be 
in the fault zone. It was cased from the ground 
surface to die bottom with perforations between 
1596 m and 1671 m for water injection experiments. 
The bottom end of the fiber cable is located just 
above the topmost seismometer, at 1470 m. We 
started monitoring the temperature distribution on 
July IS, 1997. A single measurement is made 
through integration of a large number of pulses for 
18 min. We can attain a better temperature resolu 
tion of about 0.1 K by averaging data for 90 min. or 
more. The temperature data presented in the 
following are 180 min. averages.

Examples of temperature variations with time (at 
200, 800, and 1400 m) are shown in Figure 1 (mere 
is an interruption for about 180 days due to a trouble 
with the measurement system). Rapid (sudden) 
changes and gradual variations by up to 0.8 K are 
observed, but the variation patterns at different 
depths are very to each other, though the amplitudes 
are different. We therefore believe they represent 
drifts of the measurement system, not real tempera 
ture variations in the hole. There is a tendency for 
the temperature to become more stable with time, 
indicating stabilization of the system.

GROUNDWATER FLOW
The obtained temperature profile is generally 

smooth (cf. Fig. 3), but several minor kinks are 
found mainly in the upper part of the hole, indicat 
ing the existence of localized groundwater flow 
around the hole. Most distinct ones are at around 
80m, 380m, and 500m (Fig. 2). The location of
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Figure 1. Temperatures (180 min. running aver 
ages) at 200, 800, and 1400 m plotted against time. 
The actual interval of the first and second measure 
ment periods is about 6 months.
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Figure 2. Temporal variations of local temperature 
anomalies demonstrated by temperature profiles at 
four different times (July 15 and September 3 in 
1997, March 3 in 1998, and May 7 in 1998). The 
temperature origin of each profile is shifted on the 
temperature axis so that the shapes of the profiles 
can be easily compared.
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the anomaly around 80 m coincide with a fractured 
zone detected while drilling the hole. The anomaly 
around 380 m is possibly related to a fractured zone 
between 396 m and 400m, but the one around 500 m 
does not seem to correspond to any fractured zone.

The anomaly around 80 m appears to be stable 
as the shape of the temperature profile has not 
changed to the present, while the other two anoma 
lies varied with time. The temporal changes 
suggest that groundwater flows around the hole 
have some transient components. Except for these 
localized anomalies and the drifts in the measure 
ment system, the temperature profile has been quite 
stable.

The temperature profile of the topmost part of 
the hole shows diurnal variations and the depth 
above which the diurnal variation is significant has 
changed with time. This depth is thought to corre 
spond to the water level in the hole, which can be an 
indicator of the pore pressure in formations of the 
perforated zone from 1596 to 1671 m. Monitoring 
of the temperature profiles may therefore provide 
information on the temporal variation of the pore 
water pressure in the Nojima fault zone.

A series of water injection experiments will be

carried out early in 2000 and we expect to obtain 
more information on the hydrological characteristics 
around the hole by monitoring the temperature 
profile during and after the experiments.

THERMAL CONDUCTIVITY AND HEAT 

PRODUCTION

We measured thermal conductivity on relatively 
unfractured rock samples selected from the recov 
ered cores in wet (water-saturated) conditions using 
the transient line-source probe method (Sass et al., 
1984). The obtained values are plotted versus 
depth in Figure 3 together with the lithology and the 
temperature. It appears that granite, which mainly 
lies below 560 m, have higher thermal conductivity 
than other types of rocks (andesite, diorite and 
granodiorite) composing the most part of the layers 
above 560 m. The mean conductivity with the 
standard deviation is 3.10 ± 0.19 W/m/K for granite 
and 2.48 ± 0.16 W/m/K for other rocks.

We also measured radioactive heat production 
on the same core samples (Fig. 3). The heat 
production rates were calculated from the uranium, 
thorium and potassium contents determined with the 
y-ray spectrometry technique (Rybach, 1989). The

Thermal Conductivity Heat Production
Temperature CC) (WnT'lC4) (uWnf3)
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Figure 3. Simplified lithology of the Ogura 1800-m hole, temperature profile on April 22, 1998, and 
thermal conductivity and radioactive heat production measured on core samples.
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average of heat production is 1.60 iiW/m1 in the 
granite layer below 560 m, while it is relatively low, 
0.57 jiW/m3, in the above layers. A good correla 
tions between the thermal conductivity and the heat 
production is apparently due to the difference in 
mineral composition between the upper part and 
the lower part of the hole. The heat production of 
granite is consistent with the values reported for 
granitic rocks in the surrounding area (Miyake et al., 
1975).

The distributions of three radioactive elements

(U, Th, and K) are generally similar to that of the 
total heat production, but the uranium content seems 
to decrease with depth around 1300 m (Fig. 4). 
Since uranium has a higher solubility than the other 
two elements, the lower uranium content in the 
deeper part may be attributed to groundwater circu 
lation in highly fractured layers, though such a 
distribution may also be a result of the differentia 
tion process during crystallization of the granite. 
We need to make more dense measurements in 
deeper layers in order to examine a possible correla-
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Figure 4. U, Th and K contents of the Ogura 1800-m hole samples plotted versus depth.
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tion between the concentration of radioactive 
elements and the fractured zones.

The relationships among the contents of U, Th, 
and K for the samples measured in this study and 
typical island arc crustal rocks (Mukai et al., 1999) 
are shown in Figure 5. The U/K and U/Th ratios of 
the Nojima borehole samples are relatively low, but 
similar to the average values for granite in the Kinki 
district (Miyake et al., 1975), in which the borehole 
is located. The low uranium content may be a 
common feature of granite in the Kinki district.

TERRESTRIAL HEAT FLOW
Although there are some temperature anomalies 

probably due to localized groundwater flows, the 
terrestrial heat flow can be calculated from the 
overall temperature profile, which has been very 
stable for the last two years. We plotted the 
temperature against the thermal resistance between 
the ground surface and the measurement depth 
calculated from the above mean conductivity values 
(Fig. 6). The conductive heat flow, which is given 
by the slope of this plot, seems to increase with
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Figure 6. Temperature measured on April 22, 1998 
plotted against the thermal resistance for determina 
tion of the conductive heat flow. Horizontal lines 
are the boundaries used for calculation of heat flow 
in specific depth intervals.

depth. The average heat flow for the andesite- 
diorite-granodiorite layer above S60 m (excluding 
the top 20 m) and for the underlying granite layer is 
55 and 73 mW/m2 respectively. Excluding zones 
with local temperature anomalies in the upper layer, 
ft is 54 mW/m2 for a zone from 100 to 360 m.

The apparent increase in heat flow with depth 
may result partly from problems in sampling of 
cores for thermal conductivity measurements. 
While we made measurements on "good" samples 
with no significant cracks, the formations drilled 
through contain many fractured zones. Since the 
fractures must be filled with water in natural condi 
tion, the thermal conductivity of the fractured 
formation is expected to be lower than the conduc 
tivity measured on solid rocks. If the granite layer 
is sub-divided at 1000 m, below which more 
fractured zones exist, the average heat flow is 68 
mW/m2 for 560 to 1000 m and 76 mW/m2 below 
1000 m. This difference might be attributed to the 
effect of fractures.

It is also possible that the variation of conductive 
heat flow is an indication of advective heat flux by 
diffuse pore fluid flow. As the most simple model, 
a uniform downward flow with a Darcy velocity of 
2 - 3 x 10"10 m/s can reproduce the observed tem 
perature profile quite well, though the actual flow 
regime must be much more complicated.

The third possibility is that we observed a 
thermal effect of the 1995 Hyogoken-Nanbu earth 
quake (January 17, 1995). Ffictional heating in the 
shear zone or advective heat transfer by fluid 
movement associated with the fault rupture could be 
the heat source. The temperature profile, however, 
has not significantly changed for over two years, 
suggesting that the effect of the earthquake, which 
must be intrinsically transient, is small.

Based on the above discussion, we estimate the 
heat flow from the deep to be 70 ± 15 mW/m2, 
supposing that the value for granite layers with less 
fractured zones and with no local temperature 
anomalies (560 to 1000 m) is most reliable. In the 
Hirabayashi 1800-m hole, located about 4 km north 
east of the present site, heat flow was determined to 
be 57 mW/m2 (Kitajima et al., 1998). In a 1200 m 
deep hole about 10 km to the southwest, a value of 
47 mW/m2 is reported but the temperature gradient 
is slightly higher in the deeper part of the hole 
(Furukawa et al., 1998). These data indicate that 
the regional heat flow in the northern part of the
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Awaji island is 50 to 70 mW/m2. It is consistent 
with the surface heat flow distribution given by a 
thermal model of subduction for the southwest 
Japan arc (Wang et al., 1995).

The subsurface temperature structure can be 
calculated based on the surface heat flow and radio 
active heat production data obtained by this study. 
We assume that the thermal regime is one- 
dimensional, steady-state and purely conductive. 
With the thermal conductivity and the depth scale of 
exponential distribution of the heat production 
typical of the upper continental crust, the tempera 
ture at the maximum depth of aftershocks of the 
1995 Hyogoken-Nanbu earthquake (17 km) is 
estimated to be 300 to 450 °C. It is consistent with 
the temperature of the cutoff depth of crustal earth 
quakes previously reported for other areas (e.g. 
Chen and Molnar, 1983; Ito, 1990; Kitajima et al., 
1997).
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ABSTRACT

Fault zone trapped waves have been demonstrated to be 

useful for studying segmentation of faults and for 

studying physical properties, such as width, Q, and 

velocities, of fault zones. We observed the fault zone 

trapped waves using surface seismometer arrays on the 

Nojima fault immediately after the 1995 Kobe 

earthquake. In order to study physical properties; such 

as velocity, width and Q values of fault zones, we have 

installed 3 borehole seismometers at the depths of 400m, 

500m and 600m. The borehole seismometer at the depth 

of 600m is almost at the center of the low velocity zone 

of the Nojima fault The seismometer at the depth of 

400m is outside the low velocity zone. The surface array 

observations have also been conducted simultaneously. 

The results are follows: 1) The trapped waves observed 

in the borehole have much higher frequency (about 30 

Hz) than those observed at the surface(about 5 Hz). 2) 

The velocity amplitudes of wave trains following direct 

S waves at the depth of 600m are larger than those at the 

depth of 400m when the trapped waves are observed at 

the surface seismometer array. These indicate that the 

results of the physical properties of the fault zone from 

the surface observation must be changed to generate 

trapped waves of higher frequency. We demonstrated 

that the characters of the trapped wave observed at the 

surface are consistent with those of synthetic trapped 

waves for the model of 50% deduction of S-wave 

velocity comparing the surrounding materials and low Q 

(Q=10) in the fault zone whose width is 50m. However, 

the present study shows that the surface waveforms are 

affected by shallow structure and are not adequate for 

estimating deep physical properties. With the borehole 

data, we infer more low S wave velocity contrast and/or

more narrower fault zone width.

INTRODUCTION

After the 1995 Hyogoken-nanbu earthquake (Ms = 

7.2) on January 17, about 10 km long distinguished 

surface breaks of the Nojima fault in Awaji island, 

Japan, appeared (Awata et al., 1996). Detailed structures 

of Nojima fault were delineated by fault drilling to the 

depth of 746.7 m (Ito et al., 1996). Ito et al.(1996) and 

Tanaka et al.(1998) elucidate the lithology by core 

inspection and the physical properties such as electric 

resistivity, density, and seismic velocities through the 

borehole by borehole togging. They find the fault zone 

with a width of a few tens of meters characterized by 

altered and deformed granodiorite with fault gouge, low 

resistivity, low density, and low velocities.

Recent studies have established that seismic waves 

from small earthquakes are trapped in the low velocity 

zones of faults (Li and Leary, 1990; Li et al., 1994; Li et 

al., 1994a; Li et al., 1994b). It has been demonstrated 

that fault zone trapped wave is useful for studying the 

fault zone property, three dimensional geometry to 

seismogenic depths. The fault zone trapped waves have 

characteristics related to the velocity, attenuation, 

thickness and geometry of the fault zones. Thus, 

observations of trapped waves can reveal a fine structure 

of the fault zone in deeper parts to seismogenic depths.

Ito et al.(1995) estimate the width of a low velocity 

zone of the Nojima fault is less than 100 m from the 

trapped wave observation of surface seismic arrays, 

being consistent with the results of fault drilling. 

However, the wave forms of trapped seems to be 

contaminated by shallow fault structures, in which the 

foot wall side of the fault has sedimentary structure, the
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hanging wall side has hard rock. In order to distinguish 

the effect of shallow structure on the trapped waveforms, 

we have conducted a downhole observation with a 

multi-level downhole seismometer array.

In this paper, we describe a surface seismic array 

observation on the Nojima fault just after the 1995 Kobe 

earthquake, and the downhole observation. We compare 

the results of deep structure from the surface and 

downhole observations.

SURFACE ARRAY OBSERVATION

Ito and Kuwahara(1996) deployed a temporal seismic 

array to observe aftershocks of the 1995 Kobe 

earthquake in the north part of the Nojima fault in Awaji 

island for about two weeks from February 14, 1995. The 

array is perpendicular to the Nojima fault at Nojima 

Hirabayashi, where maximum right-lateral slip of about 

2 m was observed (Awata et al, 1996). Fig. 1 shows a 

schematic view of the array observation. The array 

consists of 12 velocity type 3-component seismometers 

(Mark Products L-28B, 4.5 Hz). The total length of the 

array is about 250 m. Intervals of seismometer are about 

5 m close to the fault, and about 35 m at the end of the 

array. It is noted that the soft sediments of the Osaka 

group are distributed in the west side of the Nojima fault, 

while the hard rock of granodiorite is distributed in the 

east side of the fault.

We found two types of waveforms among the 

recorded as shown in Fig. 2. First is the type of 

waveforms with fault zone trapped wave, and then 
second is that without trapped wave. We have observed 

distinct low frequency phase (the peak frequency is 

about 5 Hz) following the S wave only for the stations 

close to the fault surface break. The stations that are 

apart more than 50 m from the surface break did not 

show this low frequency phase. We have also found that 

this low frequency phase was observed only for the 

earthquakes occurred along the Nojima fault. These 

strongly suggest that these low frequency phases after S 

wave are fault zone trapped waves. We estimate the 

width of the Nojima fault is less than 100 m, because the

low frequency phase is observed only for the station less 

than 50 m apart from the fault.

Although we found distinct low frequency phases that 

are considered as fault zone trapped waves with surface 

seismic array, it is still difficult to analyze the data 

qualitatively with the surface array data. The soft 

sediment of the Osaka group are distributed in the west 

side of the Nojima fault, while the hard rock of 

granodiorite is distributed in the east side of the fault. 

Especially for the seismic stations on the soft sediment 

of the Osaka group, the waveforms are contaminated 

with low frequency noises.

OBSERVATION WITH MULTI-LEVEL 

SEISMOMETERS IN THE BOREHOLE

After the fault drilling (Ito et al., 1997) has 

completed(Fig. 3), we have been using the multi-level 

digital borehole seismometer system (Fig. 4) that were 

developed by Ito et al.(1995.)....The. purposes and 

advantages of installing downhole seismometer array 

are 1) to reduce the seismic noises, 2) to increase high 

frequency sensitivity, 3) to avoid the effects of site 

geology and topography, 4) to avoid the changes in the 

condition of the array for the long term monitoring to 

detect the changes in trapped wave characteristics, for 

example, due to the fault healing process with time, and 

5) to observe the trapped wave characteristics within the 

fault zone and outside of the fault zone.

The borehole seismometer system has three level 

seismometers with three-component sensors and a unit 
to digitize the data with 16 bits resolution at the 

maximum of 2 kHz. The sensors are 4.5 Hz velocity 

sensor and each satellite seismometers are fixed with the 

locking arm against the borehole wall. The waveform 

data are acquired by trigger mode. The directions of the 

two horizontal sensors were determined by analyzing 

the particle motion from the surface shots.

The three satellites were installed at the depth of 400 

m (satellite 1), 500 m (satellite 2) and 600 m (satellite 

1); The satellite 1 is outside of the fault zone, the 

satellite 2 is in the fault zone and the satellite 3 is very



close to the fault core. We are also deploying a surface 

seismic array to compare the waveforms at the surface 

and in the borehole.

Fig. 5 shows an example of the waveforms at the 

surface (upper) and in the borehole (lower) for the 

earthquake with the epicenter near the Nojima fault. The 

"PARA", "PERP" and "Z" show the horizontal 

components parallel and perpendicular to the surface 

strike of the Nojima fault, and vertical component, 

respectively. Fig. 5 shows distinct low frequency phases 

close to the fault for the surface array data, and 

waveforms with much higher frequency for the 

downhole data. It is noteworthy that the amplitudes of P 

and S waves at the depth of 600m are larger than those 

at the depth of 400m when the trapped waves are 

observed for the surface array. Fig. 6 shows the power 

spectrum of the waveforms of the surface seismometer 

(a), and downhole seismometer (b). It is shown that the 

spectrum of the downhole seismometer has much higher 

frequency component of about 35Hz, while the surface 

array has peak frequency of 6-7 Hz.

Fig. 7 shows the lOHz low-pass filtered 

seismograms of event shown in Fig.5. It is clear that the 

seismic energy with the frequencies less than lOHz is 

sufficient in the borehple. Only the energy with these 

low frequencies is observable at the surface array 

because the higher frequency energy is considered to be 

strong attenuated at the shallower parts of the fault zone 

than the depth of 400m.

DEEP STRUCTURE OF THE NOJIMA FAULT

It was demonstrated that the characters of the trapped 

wave observed at the surface are consistent with those of 

synthetic trapped waves for the model of 33% deduction 

of S-wave velocity comparing the surrounding materials 

and low Q (Q=10) in the fault zone whose width is 50m. 

However, the results of the borehole observation 

indicate that the physical properties of the fault zone 

from the surface observation must be changed to 

generate trapped waves of higher frequency. We 

simulated fault zone trapped wave using a simple model

composed of a low-velocity, low-Q layer sandwiched 

between two half spaces with relatively high velocity 

and high Q by the method of Ben-Zion(1989). Fig. 8 

shows examples of the simulations for various low 

velocity zone models. The SH line dislocation is 

positioned at the left interface of the low velocity zone 

and the source depth is 5km. The synthetic seismograms 

are calculated for the surface array with 50m sensor 

spacing. The model A is the best fitted model for the 

surface array observation. In order to generate higher 

frequencies than those of the model A, we test the 

models of the low velocity zone with a higher velocity, 

with a narrower width, and with higher Q as shown in 

the models B, C and D, respectively. The dominant 

frequency and the duration of the simulated trapped 

wave for the model D is about 30Hz and 0.3s, 

respectively, being consistent with the borehole 

observation, while the frequencies for the other models 

are much lower. It is, thus, shown that the characters of 

the trapped wave observed in the borehole are consistent 

with those of synthetic trapped waves for the model D 

of 33% deduction of S-wave velocity comparing the 

surrounding materials and low Q (Q=50) in the fault 

zone whose width is 20m. The present study shows 

that the surface waveforms are affected by shallow 

structure and are not adequate for estimating deep 

physical properties by comparing observed waveforms 

with synthetic calculations. With the borehole data, we 

infer higher Q and/or narrower fault zone width than 

those estimated from the surface observation.
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